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ABSTRACT
Metallic nanostructures have a wide range of applications from high resolution sensing to
cancer treatment. Here, these structures are synthesized via a combination of single metal
and bi-metal sputtering, in parallel with pulsed laser induced dewetting (PLiD) and electron
beam lithography. PLiD is used to generated arrays of spherical caps that can be controlled
by initial thin film geometry, namely the thickness. Electron beam lithography is used to
produce higher complexity structures such as coupled meta-atoms. By using metallic
elements that possess plasmonic (Au and Ag) and magnetic (Ni and Co) properties,
tunability that is a function of size, composition, and chemical morphology can be
achieved. In this work we first investigate the PLiD dewetting of a two-component system,
Ag-Ni, to observe how the thermodynamic un-mixing behavior interplays with dewetting
dynamics. This is done through a combination of fluid dynamic computational modeling
(collaboration with NJIT), thermal finite element modeling, and experimental results. In
the next chapter, the properties of this material system are studied. Both as deposited thin
films, and PLiD particles of varying sizes are fabricated and measured to determine the
magneto-plasmonic bi-functionality and tunability of the material system. In the third
chapter, the magnetic and plasmonic properties of a second material system, Au-Co, are
investigated. In this chapter chemical composition and chemical morphology are added to
the tunability parameters. Finally, the fourth chapter investigates the use of electron beam
lithography to synthesize ring nanostructures with plasmonic modes that can be excited
through both the electric and magnetic components of an incident light source. Imaging of
this behavior will be done via excited state electron energy gain and loss spectroscopy.
iv
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INTRODUCTION
Motivation
There are three primary motivations for this research: 1) enhancing the fundamental understanding
of the dynamics involved in liquid dewetting, by competing/simultaneous phase separation
behavior and kinetics for alloy systems, 2) creating functional materials with tunable combined
magnetic and plasmonic properties, and 3) demonstrating the unique capabilities of the in situ
Waviks optical delivery system via excited state electron energy spectroscopy.
From a theoretical modeling point of view, nanoscale dewetting of liquid metal films is
exceptionally complex. Molecular dynamics simulations that incorporate real time and length
scales of experiments are extremely computationally expensive. On the other hand, when using a
continuum approach, the process is complicated by, amongst other things, the use of the NavierStokes equations to model nonlinear dynamics. This has made developing accurate computational
models difficult in the past; however, significant progress has taken place, and good agreement
has been observed in collaborative experimental and computational work in single component
systems1–3. Focus has thus shifted to multicomponent systems. Through a collaborative effort
combining continuum and molecular dynamics simulations with experimental work (the focus of
this dissertation), the immiscible Ag-Ni material system will be studied to build upon the existing
knowledge in single component metallic dewetting. The experimental portion of this collaboration
is essential for providing input parameters as well as validating the developed theory.
The second aspect of this work is in the development of unique nanostructures, generated through
the process of dewetting, that offer potential for use as functional materials. Metallic nanoparticles
can be leveraged in a plethora of applications, including nanoelectronics, energy harvesting,
biomedical engineering, and data storage4–6. Pulsed laser induced dewetting (PLID) provides a
1

highly robust technique for generating functional nanoparticles from a simple thin film geometry.
The expansion of PLiD to multicomponent systems offers the ability to provide additional
functionality and enhanced control over the material properties. Specifically, a plasmonic material
can be combined with a magnetic material in individual nanoparticles to generate optimized
magneto-plasmonic bi-functionality that is not possible with a single component. Further,
introducing a second component reveals chemical composition and morphology as additional
sources of tunability beyond nanoparticle size.
Finally, this work demonstrates the capabilities of a new in situ laser delivery system that has
recently been installed on the Libra 200 (S)TEM at the Joint Institute for Advanced Materials
(JIAM). In addition to the ability to photothermally heat a sample, this laser system has been
combined with scanning transmission electron microscopy ((S)TEM) electron energy loss
spectroscopy (EELS) to obtain an additional, otherwise unavailable, functionality: stimulated
electron energy gain/loss spectroscopy (sEEGS/sEELS). In the place of PLiD, the added resolution
and control of electron beam lithography is used to synthesize complex nanostructures specifically
designed to couple to the energy of the laser system (1.58 eV). Optical excitation of simple rod7
and dimer8 structures has already been demonstrated with this system. In these previous studies,
optical coupling is driven by the electric component of the laser. Here, coupling via the magnetic
component of the optical field will be demonstrated by strategic design of metaatoms possessing
a ring geometry, and thus a plasmonic mode with a magnetic dipole.
Background
Thin Films
A thin film is a geometric configuration of a material in which one dimension, the thickness, is
significantly reduced, typically on the nanometer scale. The thickness is defined as the dimension
2

normal to the supporting substrate, as can be seen in Figure 1. There are various experimental
techniques that can be used to generate thin films; these techniques are typically subdivided into
two categories: physical and chemical. The predominant chemical techniques include chemical
vapor deposition, plasma enhanced chemical vapor deposition, sol-gel, spray pyrolysis, and spin
coating. Physical techniques are comprised of sputtering (direct current, radio frequency,
magnetron, ion beam) and evaporation (thermal, laser, electron beam).
Sputtering
The general concept of sputtering is using physical collisions to eject atoms from a desired material
to deposit on a substrate. The starting point for any sputtering process is a high vacuum, where
unwanted collisions with molecules in the sputtering chamber are minimized. As can be seen in
Figure 1, the necessary components inside this chamber are a “target”, the material that will be
used for sputtering, and a substrate, which will be used to support the generated thin film. Once a
high vacuum is reached, the sputtering process is achieved by inserting a gas into the chamber near
the target and applying a strong bias to that target to generate a plasma. This can be done as a direct
current or alternating current depending on the sputtering technique. The ionization of Ar atoms
by the plasma leads to an attraction to the target, and ultimately collisions that results in the ejection
of target atoms in all directions. During the sputtering process some of these ejected atoms will be
directed at the substrate material, and ultimately lead to the generation of a thin film. Complexity
can be added by introducing a second target and voltage source to create multicomponent films.
Further, the targets orientation to the substrate can introduce nonuniform deposition across the
substrate, where one part of the substrate experiences a greater deposition rate that another. This
can be leveraged to generate a single thin film with a wide chemical gradient for rapid

3

Figure 1: Representation of sputtering in a radio frequency magnetron spurting system9

4

characterization of large portions of the phase diagram, or the gradient can be eliminated by
rotating the sample during depositions.
Dewetting
Wetting and Partial Wetting
Metal deposited on a substrate via physical vapor deposition, e.g., sputtering, will form a
metastable solid thin film that entirely covers, or wets, the substrate. This, however, is not the
equilibrium configuration due to the large surface to volume ratio. The equilibrium wetting
behavior is determined by an energy balance between the covered substrate (wet), and the dry
substrate (dewet). This relationship is represented in the spreading parameter, shown in equation
1 and 2. Here, S is the spreading parameter, γSG is the substrate-air/vacuum surface energy, γSL is
the substrate-liquid surface energy, and γLG is the liquid-air/vacuum surface energy. A positive
spreading parameter indicates complete wetting, while a negative spreading parameter indicates
partial wetting. If a material is in the partial wetting regime, it is energetically favorable for the
film to dewet to reduce contact between the substrate and film. In this case, the spreading parameter
can be used to determine the contact angle, θ, between the film and substrate (equation 2).
𝑆 = 𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒,𝑑𝑟𝑦 − 𝐸𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒,𝑤𝑒𝑡

(1)

𝑆 = 𝛾𝑆𝐺 − (𝛾𝑆𝐿 + 𝛾𝐿𝐺 ) OR 𝑆 = 𝛾𝐿𝐺 (𝑐𝑜𝑠(𝜃) − 1)

(2)

Figure 2 shows the force balance that is used to determine the wetting angle. Here, γSG acts as a
force stabilizing the film; conversely, γ (γLO) and γSL drive the retraction, and eventual breakup of
the film. The vertical component of the γ term is balanced by the substrate and can result in
deformation. Figure 2 also shows examples of droplets with different ranges of spreading
parameters and wetting angles.

5

Laplace Pressure
As was mentioned earlier, a film can be deposited onto a substrate and exhibit complete coverage
of the substrate despite a strongly negative value of S, i.e., an energetic preference to dewet. A
metal film with a melting temperature well above room temperature will not spontaneously achieve
this lower energy state; it requires an energy input. Dewetting in the solid state is initiated by
natural variations in thickness from grain boundaries, voids, or other defects, which create a
pressure imbalance. In liquid films, breakup can occur through defects as well, or due to natural
thickness fluctuations from thermocapillary effects.
The pressure imbalance created by thickness modulations, can be understood through the Laplace
pressure: equation 3. Here, γ is the surface tension of the material and R1 and R2 are the radii of
curvature, as seen in Figure 3.
1

1

𝛥𝑝 = 𝛾𝐶 = 𝛾 (𝑅 + 𝑅 )
1

2

(3)

The radii of curvature of a jet are shown in Figure 3 as an example. R2 represents the distance from
a point on the surface to the center of mass orthogonal to the surface. R1 represents the curvature
of the point by way of an orthogonal distance to the center of an imaginary circle created by
continuing the tangent at the point of interest. In Figure 3, R1 and R2 are shown as AM and AN,
respectively, for point A, and AʹMʹ and AʹNʹ, respectively, for point Aʹ. R2, by definition, is always
positive, while R1 is positive when the radius goes towards the bulk (AM), and negative when it
faces away from the bulk (AʹMʹ). The directionality of R1 drives the breakup of a film. The relative
magnitude of R1 and R2 will determine if the film will breakup. If R2 dominates (thick film or
small perturbation) the film will be stable. Conversely, if R1 dominates, the film will be unstable,
and break up.
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Figure 2: Wetting force balance and representative contact angles

Figure 3: Representation of Laplace pressure in a liquid jet10
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Rayleigh Plateau Breakup
The Rayleigh Plateau instability is a phenomenon observed in liquid jets in which the jet breaks
up into particles. The driving force for this process is minimization of the system’s free energy by
reducing the surface area. This is accomplished through the Laplace pressure. The process occurs
through the presence of natural perturbations in the liquid. When these surface modulations reach
a sufficient wavelength, they will be amplified via the Laplace pressure and grow until breakup
occurs. Though, the initial theory was developed for liquid jets, similar behavior is observed when
introducing a substrate: a thin film that contracts into a jet or rivulet geometry upon heating, will
be subject to Rayleigh Plateau instabilities.
Dewetting of Metallic Films
The pioneering research on thin film dewetting was focused on polymers and room temperature
liquids due to the relative ease of experiments10–13. Additionally, in liquid dewetting, starting with
a liquid, as opposed to melting a solid, eliminates potential contributions inherent to many solids,
specifically, grain boundaries and strain energy14. Later, the dewetting behavior of metal thin films
came to the forefront, though the experimental setup is much more complicated due significantly
higher temperature requirements. Various methods of heating have been used to heat metals to
induce dewetting. These can be broken down into two categories: rapid and gradual heating. The
most commonly used rapid heating method is photothermal heating via a pulsed laser. The
advantages of pulsed laser heating are several; beyond more rapid processing, pulsed laser heating
allows for small area isolation and rapid temperature ramp rates with brief high temperature
lifetimes. This is useful as it both reduces the likelihood of substrate/environment reactions and
essentially quenches the high temperature morphology.
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Mechanism of Breakup
Breakup of a continuous thin film, essentially an infinite 2D surface, can occur through two unique
pathways: nucleation of holes or spinodal dewetting. Nucleation is initiated by the creation of dry
spots, which accumulate material in a rim formed around them. Though homogenous nucleation
is possible, most dry spots preferentially form through heterogenous nucleation at defects in the
film or substrate. The rims surrounding the dry spots then break up into particles by way of
Rayleigh Plateau instabilities. Conversely, spinodal dewetting involves the spontaneous rupture of
the film through the amplification of thermocapillary waves. This process results in a specific,
fastest growing wavelength that will dominate the process, and lead to a characteristic spacing
between dewet particles. Conversely, nucleation demonstrates large circular patches that can have
many different sizes coexisting. Figure 4 shows a model progression from spinodal dewetting to
nucleation of holes to limited dewetting.
Spinodal dewetting is only possible in liquid films, thus there is only one pathway for solid
dewetting: nucleation of holes. Again, nucleation is likely to occur at a defect, and in
polycrystalline solids, grain boundaries are a common initiation point15. As with liquids, a rim will
form around the nucleated hole, and it will travel into the existing film and grow.
It has been noted that as the hole progresses in size, it leads to a depressed area immediately beyond
the rim15. When sufficient hole sizes are reached, this depleted area around the rim will create a
new hole and rim pairing. Next, through either ‘pinch-off’ or ‘fingering’ instabilities, wires of
material are created, which, by way of Rayleigh Plateau like instabilities, break up into particles16.
Unlike in liquid dewetting, in the solid state, the nucleated holes are rarely circular, and the
resulting particles are not as spherical, this leads to a unique dewetting morphology as observed in
Figure 5.
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Hydrodynamics
The governing equation for the breakup of a thin liquid film, ignoring contributions from potential
unmixing behaviors, is shown in equation 4. A thorough description of the hydrodynamic relations
can be found in17,18.
𝜕ℎ

3𝜇 𝜕𝑡 + 𝛾𝛻(ℎ3 𝛻𝛻 2 ℎ) + 𝛻[ℎ3 𝛻𝛱(ℎ)] = 0 (4)
Here, the second and third term show the driving forces, while the first term represents the
dissipation due to viscosity. The two driving forces are surface tension and the disjoining pressure,
respectively. An additional driving force, gravity, can be ignored when a film is smaller than the
capillary length, a threshold that is determined via a ratio of surface tension and gravitational
effects:
𝑘

−1

1
2

𝛾

= (𝜌𝑔)

(5)

The variables in equation 4 are as follows: 𝜇 = viscosity, h = film thickness, and 𝛱 is the disjoining
pressure, which can be written as:
ℎ

𝑛

ℎ

𝑚

𝛱(ℎ) = 𝜅𝑓(ℎ) = 𝜅 [( ℎ∗ ) − ( ℎ∗) ] (6)
𝜅 = 𝑆/𝑀ℎ∗ (7)
The term, κ, is proportional to the Hamaker constant, which models the long-range forces between
the film and substrate, while m and n are constants. The disjoining pressure is analogous to the
Leonard-Jones potential, with first term serving as the repulsion term between the liquid film and
solid substrate, and the second being the attractive term. The variable, ℎ∗ , is the critical thickness
where stability is achieved. M is a relation of the constants m and n, and S is the spreading
parameter.
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Figure 4: Example of Liquid State Dewetting: a) spinodal dewetting, b) small holes, or
coexistence, c) nucleation of holes, d) limited dewetting19

Figure 5: Example of Solid State Dewetting15
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The film stability is quantified by agitating the film through the assignment of a surface
perturbation with a wavenumber of k=2π/λ, where λ is the wavelength of the perturbation. The
governing equation can then be solved to find a critical wavelength ( λ𝑐 ) that describes the onset
of instability in the film, as well as a fastest growing wavelength ( λ𝑚 ). Interestingly, the two are
related as: 𝑘𝑚 =

𝑘𝑐

.

√2

To generate a dispersion curve, the growth rate (equation 8) is plotted as a function of the
wavenumber; Figure 6 shows an example dispersion behavior. The critical wavenumber is
determined by a transition to a positive growth rate, i.e. the x intercept. The fastest growing
wavenumber can be found by solving for the maximum in the dispersion relation; the solution is
shown in equation 9.
𝛽 = ℎ03 𝑘 2 (𝑘𝑐4 − 𝑘 2 )
1

𝛽𝑚 = 4 ℎ03 𝑘𝑐4

(8)
(9)

Solid State Dynamics
Dewetting in the solid state occurs through solid-solid diffusion, thus the kinetics are significantly
different from the previously discussed liquid state dewetting. In a review of solid state dewetting
by Thompson15, several relations were included. First, the time for nucleation of holes is shown in
equation 10. Here, 𝐷𝑠 is the surface diffusivity and h is the film thickness.
𝑡𝑛 ∝

ℎ4

(10)

𝐷𝑠

Next, the resulting dewet area is expressed by equation 11. Here, Nb is the number of holes, τ is
the time at which the first hole nucleates, t is time, and 𝑟̇𝑑𝑒𝑤𝑒𝑡 is shown in equation 12.
2
𝑋𝑑𝑒𝑤𝑒𝑡 = 1 − 𝑒𝑥𝑝[𝑁𝑏 𝜋𝑟̇𝑑𝑒𝑤𝑒𝑡
(𝑡 − 𝜏)2 ] (11)
𝐷

𝑟̇𝑑𝑒𝑤𝑒𝑡 ∝ 𝑏3

(12)
12

Figure 6: Example Dispersion Curve14
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Finally, when hole nucleation is rapid, τ is small, the relationship for the rate of deweting, in terms
of area affected can be simplified to equation 13. Here, 𝑄𝑆 is the activation energy for surface selfdiffusion.
𝑋̇𝑑𝑒𝑤𝑒𝑡 ∝

−𝑄𝑆
)
𝑘𝑇
ℎ3

𝑒𝑥𝑝(

𝑡; (13)

Plasmonics
In most bulk metals, a polished surface will exhibit a mirror like appearance. This is because the
majority of metals reflect the visible spectrum. The inherent metallic electron gas prohibits
propagation of electromagnetic waves below a characteristic frequency known as the plasma
frequency, typically in the ultraviolet range. A few metals such as Cu, which has an orange color,
deviate from this behavior due to interband transitions at characteristic energies within the visible
spectrum: ~2 eV for Cu. This same phenomenon occurs in Au at ~2.4 eV, and thus gives Au its
yellow color. Meanwhile metals such as Ag and Al have interband transitions that are above or
below, respectively, the visible spectrum, and thus maintain the reflective grey appearance.
Contrary to the bulk behaviors mentioned above, when the dimensions of metals are significantly
reduced (on the nanoscale) the interactions with light are fundamentally altered. This leads to
properties pertaining to the plasmon, the quantized collective oscillation of charged particles, in
this case: the metallic free electron gas. There are three primary classifications of the plasmon: the
bulk, surface plasmon polariton (SPP), and localized surface plasmon (LSPR). A representation is
demonstrated in Figure 7.
The bulk plasmon is a longitudinal oscillation, which means that the oscillation is parallel to the
propagation of light, and thus cannot be excited by light. Instead, the bulk plasmon is excited by
particle impact, and is characterized by methods such as electron energy loss spectroscopy (EELS).
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Unlike the bulk plasmon, the SPP is, as the name implies, a surface phenomenon; the surface
plasmon requires an interface between a thin conducting material and a dielectric for propagation
to occur. The SPP is a transverse mode and can be optically excited, though prisms or gratings are
required for phase matching.
Localized Surface Plasmon
When the lateral dimensions of a plasmonic metal are also reduced to the nanoscale along with the
thickness, LSPR modes can be excited by an electron or the electric field of a photon. Here, there
is not a single resonance associated with a particular nanostructure, instead there are a collection
of electron oscillation configurations, with characteristic frequencies at which they occur. The
energy at which the LSPR modes exist is determined not only by the dielectric properties of the
material (and substrate), but also by the structure’s physical dimensions. This means that the
resonance can readily be tuned by altering a specific dimension or the overall shape of plasmonic
nanostructure.
Individual Nanoparticle
The lowest energy LSPR mode (m = 1) is the dipole mode in which there are two opposite poles
with the physical separation between them maximized, i.e. at either end of a rod or separated by a
full diameter in a sphere (As seen in Figure 8 and Figure 9. The energy of this LSPR dipole mode
can be easily altered by increasing (red shift) or decreasing (blue shift) the size of the nanoparticle.
Beyond the m = 1 mode, at progressively higher energies, many additional modes (m = 2, 3, etc.)
can exist with increasingly complicated polarization states. This will continue up until a critical
energy is reached where a uniform excitation across the nanoparticle exists. Figure 8 demonstrates
how these modes develop in a nanosphere, where a nomenclature of “l” is used instead of “m” to
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Figure 7: Representation of the surface plasmon polariton, bulk plasmon, and localized surface
plasmon19
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represent the modes. Figure 9 shows the LSPR modes for a rod structure. It is apparent that some
of these modes have a net electric field associated with them, while others do not. The dipole
clearly has a large net electric field with two nodes of opposite signs. The m = 2 mode, also called
the quadrupole, on the other hand, has no net electric field as the two ends cancel one another out.
This is an important feature of LSPR modes when considering measurement methods. Optical
measurement techniques, in which photons are used to excite these modes, can only detect modes
with a net electric field, so with these techniques the quadrupole is not observable. This issue can
be remedied to an extent by introducing retardation effects through tilting the structure such that
electric field of the photon is no longer fully in the plane of the structure. An electron, unlike a
photon, can excite optically dark modes, and techniques such as EELS can be used to characterize
all LSPR modes. There are also techniques, notably stimulated electron energy loss/gain
spectroscopy (sEELS and sEEGS) that use both electrons and photons, via a laser, simultaneously
to characterize the LSPR modes.
Plasmonic Coupling
Individual plasmonic structures with similar LSPR resonance energies can also interact with one
another if they are in close enough proximity. Coupling between multiple structures will lead to
the hybridization of their individual modes into additional modes above and below the resonance
energy of the single structure. A representation of this behavior can be found in Figure 10. Here
the dipole mode of the individual rods have hybridized into two unique modes. One corresponding
to an in phase configuration and the other being out of phase. Also in Figure 10, coupled structures
can be arranged in ring structures in which the in phase mode generates a circulating current which
induces a magnetic field. The signature for the in phase and out of phase mode varies as can be
seen in Figure 10: the out of phase configuration produces a bright area, indication of the near
17

Figure 8: Localized surface plasmon modes in a spherical nanoparticle20

Figure 9: Representation of the localized surface plasmon modes in a rod structure21
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field, at the vertex, while the in phase configuration is strongest at the ends of the rods. The number
of available modes can be increased by increasing the number of nanostructures that are
hybridizing.
Magnetism
The magnetic properties of a material are dependent on the electron configuration, namely
unpaired electrons dominate the magnetic behavior of a material. This leads to several different
types of magnetic responses: paramagnetism, diamagnetism, ferromagnetism, ferrimagnetism, and
antiferromagnetism. A representation of these different behaviors can be found in Figure 11.
Types of magnetism
Diamagnetism is predominately observed in materials with non-magnetic individual atoms, due to
the lack of unpaired electrons. A traditional diamagnetic material demonstrates a negative
susceptibility, a measure of the induced magnetization of a material under an applied field, while
showing minimal sensitivity to changes in temperature. A negative susceptibility implies that the
induced magnetization in the material is opposite the applied field. The phenomenon of
diamagnetism is caused by a change in the electron orbital motion induced by the applied field.
Diamagnetism is present in all materials, but is dominated by the other forms of magnetism, listed
below, in materials that possess these behaviors.
Paramagnetism occurs in materials with unpaired electrons that interact weakly with an applied
magnetic field. Unlike diamagnetic materials, paramagnetic materials have a positive
susceptibility, meaning the induced magnetic moment aligns with the magnetic field. Increasing
the applied magnetic field will increase the internal magnetization, though the susceptibility of
paramagnetic materials is rather small. Thermal agitation, caused by increasing the temperature,
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Figure 10: Coupling of individual plasmon rods into dimer and trimer structures, indicating the different
hybridization modes22
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leads to a reduction in susceptibility with increasing temperature, and the loss of magnetization in
the absence of an applied field.
Antiferromagnetic materials have a specific temperature, the Neel temperature where an important
transition occurs. Below this temperature there is an antiparallel alignment of magnetic moments
that counteract each other and result in a significant reduction in susceptibility. Above the Neel
temperature, thermal agitation is sufficient to prevent the formation of antiparallel magnetic
moments, and thus all moments align with the applied field, this leads to a behavior similar to
paramagnetism.
Ferrimagnetism is very similar to antiferromagnetism with a key difference. Below the critical
ordering temperature, instead of antiparallel moments entirely canceling out, there remains a net
magnetization. Below this temperature, ferrimagnetic materials behave close to that of a
ferromagnetic material.
Ferromagnetism like paramagnetism is associated with a positive susceptibility, and in fact
ferromagnetic materials do behave like a paramagnet at temperatures above a critical temperature
called the Curie temperature. Below this temperature, however, a ferromagnetic material will
possess magnetization in the absence of an applied field. On the macroscopic scale, this
magnetization can be unobservable due to the formation of what are called magnetic domains.
Magnetic Domains and Hysteresis Behavior
In order to understand the behavior of ferromagnets, the behavior of magnetic domains must be
considered. The exchange interactions present in a ferromagnetic material, which favor the
alignment of all magnetic moments suggests that magnetization via a single domain should exist
in the absence of an external magnetic field. This configuration, however, creates a large
magnetostatic energy. The formation of domains within the material possessing moments of
21

Figure 11: The various types of magnetism, with representations of the individual atomic behavior and M
vs H curves23
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opposite directions reduces this magnetostatic energy, but is unfavorable in terms of exchange
interactions. Because the exchange interactions are highly localized to the immediate neighbors,
the creation of a gradient in magnetic moment direction in between two domains, the domain wall,
provides a compromise. The characteristic length that optimizes the long range dipolar interactions
and the short range exchange interactions is termed the exchange length, and length provides the
energetically favorable domain wall length that separates two regions of opposite moment. There
is one additional material specific consideration, magnetocrystaline anisotropy, that favors specific
preferred directions for magnetic orientation determined by the element and crystal structure. This
anisotropy has a profound influence on the domain wall formation because, whereas the domains
are oriented along an easy direction, the majority of the wall will be off of the preferred magnetic
orientations. Thus, materials with exceedingly larger anisotropy will have much smaller domain
walls than those with small anisotropy. It is also possible, when individual grains or nanostructures
are sufficiently small, that single domains can exist. This is a necessary characteristic for another
form of magnetism called superparamagnetism. A material is said to be superparamagnetic when
single domains are present, and the magnetic anisotropy energy is close to the thermal energy. This
leads to a specific temperature, the blocking temperature, where the material no longer behaves
like a ferromagnet because thermal fluctuations are sufficient to remove any magnetization in the
absence of an applied field.
The magnetic hysteresis curve, Figure 12, is a convenient way to express a material’s magnetic
properties. A demagnetized ferromagnetic material, like a paramagnet or superparamagnet, will
possess zero net magnetization in the absence of an applied field. When a positive field is applied,
the magnetic moments within these materials will begin aligning with the applied field, and the
magnetization indicated on the y-axis of Figure 12, will increase. In a ferromagnetic material, this
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process is dictated by the domains: those domains that are already oriented with the applied field
will grow and eventually reach the saturation magnetization where all moments are aligned.
Simultaneously new magnetic domains with the preferred orientation will form via nucleation at
defects in the material, and then proceed to grow. At the saturation point, in which the
magnetization reaches a maximum, there are no more domains as all moments have the same
orientation.
Reversing the applied field to the negative saturation field, and then back to the positive saturation
field creates the hysteresis loop. There a several characteristic points that are reached during this
process, namely the point at which the applied field returns to zero, and the point at which the
magnetization returns to zero. In a ferromagnetic material these two points will not be the same:
the magnitude of the magnetization at zero applied field is termed the remanence, while the field
at which magnetization is removed is termed the coercive field or coercivity. Reversal of the
magnetic domains when the applied field is reversed is accomplished through various methods.
Domains can rotate to align with the applied field, domains can nucleate at defects with the
appropriate orientation, and domains can grow through the motion of the domain walls at the
expense of misaligned domains. Interestingly, defects within the material have somewhat of a
contradictory influence on the reversal behavior. As has been mentioned, defects are important for
initiating nucleation of new domains; however, defects also act as pinning centers to impede
domain wall movement.
Phase Diagrams of Ag-Ni and Au-Co
The calculated phase diagrams for both the Ag-Ni and Au-Co systems are shown in Figure 13 and
Figure 14. The Ag-Ni phase diagram demonstrates complete solid immiscibility with a liquid
miscibility gap up to ~2600 K. Pure Ag melts first at 1234.2 K, and then pure Ni at 1728.24 K.
24

Figure 12: An example M vs H hysteresis curve indicating the coercivity and remanence in a
ferromagnetic material, as well as the behavior of a paramagnetic and superparamagnetic material24
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Between these two temperatures there exists near complete unmixing of the liquid and solid
phases. The Au-Co phase diagram also has a region of complete solid immiscibility, below a
temperature of 700 K. In this region Co exists in a hexagonal close packed (HCP) crystal structure
while Au is face centered cubic (FCC). Above this temperature a small region of miscibility
originates on the Au rich side, where miscibility increases with temperature. In the immiscible
portion of this temperature range, both Co and Au are FCC. Finally, there is a eutectic point at
~1250 K at 25 at. % Au.
Literature Review
Additional review of literature beyond what is discussed here can be found in the introduction
sections of Chapters I-IV.
Dewetting

2D Continuous Film Dewetting
The most commonly studied metal dewetting configuration is a continuous film deposited on a
solid substrate. The primary reason for this is the minimal sample preparation requirements, which
make experiments easy to perform. Additionally, the simplistic sample preparation makes
continuous films a cheaper option for industrial applications.
Single Component
Within the scope of metallic continuous thin film dewetting, the most prevalent area of research is
in single component systems. Some of the frequently studied metals include: Au14,25–28, Ag25,29–31,
Ni14,32–35, Cu14,36, and Pt37,38. Most of this work has been focused on two topics: 1) understanding
and controlling the mechanism of film breakup, and 2) regulating the size and spacing of the dewet
particles.
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Examination of the two liquid dewetting pathways has been conducted experimentaly14,28,41 and
computationally28,42,43. Film thickness was found to be the obvious parameter to program the
desired dewetting mechanism: thinner films will dewet through spinodal dewetting, and thicker
films through nucleation. However, defects and impurities on the substrate or in the film can result
in nucleation occurring in thinner films. Interestingly, all of these studies observed a regime of
coexistence between nucleation and spinodal dewetting. Figure 15 shows results from the
experimental studies demonstrating the coexistence of the two mechanisms. Regions of nucleation
are seen as the large circular dry spots, some of which have begun to break up into particles. The
remainder of the sample exhibits a complex system of thickness modulations, representative of
spinodal dewetting. The images on the right8 demonstrate the surface modulations by slightly
defocusing the microscope. On the computational side, Nguyen et al. 42 make an intriguing
assertation that both homogenous nucleation and spinodal decomposition have the same origin in
thin liquid films, thermal fluctuations. It was thus reasoned that it is the development process,
beyond initiation, that differentiates the two pathways. The size of a nanoparticle affects its
plasmonic behavior, and thus demonstrating control of particle size is of significant interest.
Ruffino et al.25 observed that laser fluence can be used to change the radius and spacing of particles
in a nucleation regime: higher laser fluences led to larger particles. Also related to laser fluence, it
was found that for gold films there is a minimum in laser fluence required to initiate dewetting at
~20 nm26. This was determined to be due to laser interactions with the film: for instance, in
ultrathin films below the penetration depth at the laser wavelength, corrections for the thickness
dependent reflectance must be taken into consideration. Oh et al.29 found that increasing the
thickness of Ag films led to larger, more sparse particles. Similar results have been reported
elsewhere30. Finally, effort has also been devoted to examining the spacing and size of particles as
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Figure 13: Phase diagram for the Ag-Ni material system39

Figure 14: Phase diagram for the Au-Co material system40

28

a function of dewetting progression, and attempting to reconcile the fastest growing wavelength
experimentally and computationally36.
Multicomponent
Although much research exists studying single component metallic dewetting, the sheer number
of material systems and phase equilibrium behaviors ensure that there remains significant work to
be done on multicomponent metallic dewetting. Introducing a second component creates
challenges for various reasons. First, adding a second material further complicates the
determination of material specific properties: surface tension, viscosity, and density. These
properties are now not only temperature dependent, but also composition dependent. Secondly, the
atomic interactions of dissimilar atoms create chemical instabilities that can compete or synergize
with the dewetting dynamics. Finally, due to differences in melting temperatures and vapor
pressures, special consideration is required when heating the material.
Some examples of multicomponent (binary) material systems that have been previously studied
include: Ag-Au44–46, Ag-Co47–50, Ag-Pd51, Au-Co47, Au-Pd52, Cu-Co53, Cu-Ni54,55,Co-Pt56, Ni-Pt57,
and Pd-Pt58. Of these material systems: Au-Ag, Cu-Ni, and Au-Pd are miscible, Ag-Co, Au-Co,
and Cu-Co are mostly insoluble, Ag-Pd and Pd-Pt are mostly soluble with small miscibility gaps,
and Co-Pt, Ni-Pt demonstrate a more complex phase equilibrium.
Miscible systems
When comparing the miscible systems44–46,51,54,55, it was found that regardless of initial film
configuration (bi-layer or co-sputtered), given sufficient thermal energy to fully dewet, the
resultant particles were well mixed. Both laser excitation44,54,55 and traditional annealling44,45,51
were used to induce both liquid and solid dewetting, respectively. Although the particle shape and
distribution varied between solid and liquid dewetting, the resulting particles remained completely

29

Figure 15: Coexistence of Spinodal Dewetting and Nucleation8
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mixed in all studies. An insight from the bi-layer studies was the effect of different top layers.
Using Au as a top layer instead of Ag led to a reduction in reflectance46, and using a top layer of
Ag instead of Pd led to more evaporation51. Finally, Wu et all54 found that altering the composition
in the Cu-Ni system allowed for programing the dewetting mode. For a constant film thickness,
pure Cu demonstrated spinodal dewetting, pure Ni broke up by nucleation, and a Cu50Ni50 cosputtered film dewetted via spinodal dewetting. However, increasing the relative composition of
Ni shifted the behavior back to nucleation.
Immiscible systems
In immiscible systems47–50,53, the phase separation interplay with the dewetting dynamics becomes
much more difficult to predict. As with miscible systems, the vast majority of research has been
devoted to bilayer configurations47–50, though mixed alloys, through co-sputtering, have also been
studied53. All studies discussed in this section utilized pulsed laser induced dewetting. Sachan et.
al.47 found that Ag-Co and Au-Co, both immiscible in the solid phase, demonstrated significantly
different particle morphologies. Ag-Co formed half-half particles with the fully separated Co and
Ag in hemisphere configurations connected at the center (Figure 16). Conversely, Au-Co formed
particles with fine separated clusters of Au and Co in Figure 17. In another study by Sachan et.
al.48, the Ag-Co system was further investigated. Here, a SiO2 substrate was used instead of C on
mica, which significantly altered the dewetting behavior. Resultant particles demonstrated an
intricate morphology consisting of a top layer of Co, a bottom layer of Ag, and an intermediate
layer of finely dispersed separated Co and Ag clusters. This variation in morphology can be seen
in Figure 18. Yet another study from this group50 found that Ag-Co could dewet into the same
finely dispersed clusters of Ag and Co as was observed in Au-Co. Thus, Ag-Co was shown to
dewet in three distinct morphologies when using three different substrates. In a separate study,
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McKeown et al.53 investigated the Co-Cu system using co-sputtering to create a nanocrystalline
alloy. As shown in Figure 17, various particle morphologies were observed in a single sample
depending on their size. The large particles were found to possess a core-shell structure, with the
lower surface energy material, Cu, acting as the shell. Intermediate sized particles took on a halfhalf or a so-called Janus geometry, while the smallest particles appeared to be exclusively Co. This
study was conducted on a TEM membrane, leading to a slower quench, and providing more
opportunity to create higher order particle morphologies. It was suggested that the cooling rate was
slow enough that the higher melting temperature Co solidified prior to the Cu and allowed for the
Cu to wet its surface prior to freezing.
Directed Assembly
Although self-assembly, specifically in the spinodal dewetting regime, can produce ordered
particle distributions with a correlated size and spacing, patterning a sample prior to dewetting
allows for the creation of much higher order nanostructures. There are two primary categories of
patterning that have been used in metallic dewetting: direct writing of the metal film, and
templating of the substrate prior to metal deposition. Patterning of the metal film is most commonly
done by way of electron beam lithography, though other techniques such as ion beam milling can
also be used. Templating is mostly conducted by way of chemical etching.
Templated Substrate
The most commonly used technique for patterning a substrate is through the use of a KOH wet
etch on a Si wafer with a lithographically patterned mask of SiN456,59,60. This method has
demonstrated the ability to create ordered arrays of nanoparticles when the designed relationship
between the substrate trench geometry and metal film thickness are optimized. One study61
focused on this relationship, and found a critical size for the template to create a single particle
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Figure 16: Half-half particles (Ag-Co) and fine phase separation (Au-Co)47

Figure 17: Resultant particles from dewetting a co-sputtered Co-Cu thin film53
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Figure 18: Complex particle morphology of Ag-Co48
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versus the breakup into multiple drops. Alternately, anodic aluminum oxide (AAO), or monolayer
colloidal crystals (MCC) with hexagonally arranged pores have been used as a substrate, and
successfully demonstrated particle ordering62,63. In another study, a Ni template with square
openings was clamped onto an Au film prior to dewetting, and successfully produced ordered
nanoparticles64. Finally, TiO2 nanotubes have also been used to form a template and created
ordered dewetting65.
Lithographic Patterning
Two instabilities can be leveraged in patterned dewetting: collapse into a single droplet and
breakup of into multiple droplets. Dewetting of lithographically patterned metal films has been
studied previously, however, the literature is relatively limited. Some of the earliest work,
investigated the dewetting behavior of simple shapes of single component systems 33,66,67. Here, it
was found that shapes such as circles, squares, and triangles, depending on their geometry, can
dewet into a single particle or a more complex distribution of particles.
After the initial exploration, the next step was to understand the mechanism of the instabilities
driving the particle formation. First the breakup of a shape, specifically wires and rings, was
investigated1,68,69. Figure 19 shows some results from these studies. Here, through experimental,
simulation, and theoretical work, it was found that rings can break up via the Rayleigh Plateau
instability, given the width of the rings is small enough that the ring can agglomerate into a liquid
rivulet prior to competing spinodal instabilities. Building off of this, shapes were patterned with
built in perturbations to drive assembly2,55,70–72. It was shown that perturbations can be patterned
as stable or unstable, where stable modes do not grow, whereas unstable modes are amplified and
lead to breakup. Further, it was observed that patterning at wavelengths longer than the fastest
growing mode can produce secondary particles and require added energy input to initiate breakup.
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Additional research attempting to comprehend the instabilities related to a rectangular strip were
conducted35,61. Hartnett et al.61 focused on the previously mentioned competition between collapse
to a single particle and breakup into multiple particles. Here, a critical length in which a rectangular
solid will form a single particle compared to multiple particles was determined. This relationship
was rationalized as a competition between axial retraction of the two ends of the rectangle and the
Rayleigh Plateau instability driving a breakup, and a time scale was determined that could predict
the dominant mechanism. From a continuum viewpoint35, the breakup behavior of a thin Ni strip
was modeled, and found good agreement with experimental results.
Finally, a second component was added to the patterned dewetting process54,55. Fowlkes et al.55,
introduced the second component by a two-step lithography process which created triangles of
dissimilar metals in contact with each other. Here, half-half particles of Cu-Ni were successfully
created. Wu et al.73 used patterned disks and a two-step, single component, deposition process to
create a complex distribution of primary and secondary particles. This process was also used with
two components (Cu-Ni) to further the complexity of the particle distribution. The results from
this work are shown in Figure 20.
Optical Properties

Isolated Particles
There has been significant research on the plasmonic properties of isolated metallic nanoparticles
via optical techniques as well as EELS, though due to the relative ease of sample preparation,
testing, and cost, optical techniques tend to dominate the literature74,75. These nanoparticles are
fabricated by self-assembly methods such as dewetting76,77, and more controlled techniques such
as chemical synthesis78–80, and lithography81,82. Here, various shapes and materials have been
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Figure 19: Example of unperturbed rectangles and rings, as well as rectangles and
rings with various wavelength perturbations72
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studied; however, the most common material used is Au. The majority of this research has been
focused on controlling the LSPR resonance through the shape of the nanostructures. Additionally,
the addition of a capping dielectric material has been investigated. Singh et al 83 investigated the
influence of a TiO2 layer around Au nanoparticles. They demonstrate the expected blue shifting of
LSPR resonance with decreasing nanoparticle size, and also discuss the size dependance on the
photodegradation of the nanoparticles. Another work concerned with Au on a quartz substrate84
investigated not only the influence of nanoparticle size on the LSPR resonance energy, but also on
the behavior of the peaks associated with interband transitions. They found that the intensity and
sharpness of these peaks increased with decreasing particle size. A study of a more complex
structure, a rod, demonstrates the same blue shifting behavior with increased rod length85. Here,
they demonstrate the influence of the chemical synthesis parameters on the quality of the
structures, and thus the LSPR peaks. The aspect ratio of the structures is specifically mentioned as
a way in which to control the sharpness of the LSPR peaks.
EELS of Isolated Particles
Although the less common technique, EELS represents a more powerful method to determine the
optical properties of nanostructures. EELS allows for the observation of individual nanoparticles,
with incredibly high special resolution. Further, EELS provides the opportunity to probe specific
positions on a structure to better characterize individual modes. Finally, optically dark modes can
be measured in EELS. As was the case with optical excitation techniques, the spherical
nanoparticle has been studied in EELS19,86,87. A study on the behavior of AuxAg1-x solid solution
nanoparticles20 demonstrates that nanoparticles of small enough size (~50 nm for Au) will exhibit
a single resonance at the quasiplanar mode. This mode is the high energy limit for LSPR modes,
and is a combination of higher order modes. Increasing the size of the nanoparticles reveals dipole
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Figure 20: Highly ordered array of nanoparticles from a two step deposition method73
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and quadrupole modes that are shifted based off of the relative content of Au and Ag. While a
spherical nanoparticle will exhibit multiple LSPR peaks in EELS, depending on the size, the
symmetry of the shape does not fully utilize the capabilities of EELS to map mode specific
signatures: uniform spherical nanoparticles will demonstrate a uniform intensity all around the
nanoparticle for each LSPR mode.
Increasing the geometric complexity of the nanostructures to a rod for example, unlocks the unique
capabilities of EELS. Figure 21 (theory), as well as Figure 22 and Figure 23 (experimental)
demonstrate the mapping potential of EELS spectrum imaging theoretically88 and
experimentally89. The EELS intensity near the ends of the rods are bright for all LSPR modes;
however, the intensity at this location decreases with the number of nodes. For higher order modes,
such as the m = 2 mode it is more efficient to excite at the center position, whereas for the m = 3
the intensity is at a maximum at the 1/3 and 2/3 locations along the rod. As the polarization order
increases, the intensity of excitation is reduced, and at ~3.5 eV (for Ag) there is an approximately
equal intensity around the structure, this corresponds to the quasiplanar mode. Rods of extremely
high aspect ratio90, due to lengths up to 10 µm, have also been measured in EELS. The resonance
of the LSPR modes, up to greater than m = 6, are included in Figure 24. Beyond the rod, structures
such as a triangular91 (Figure 25) have been measured and analyzed through a combination of
modeling and experiments. In this particular study, various modes are distinguished up to the bulk
resonance. The slight increase in nanostructure complexity has a significant influence on the LSPR
modes. Here, the first mode is bright at each corner of the triangle instead of the two edges in a
rod structure.
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Figure 21: Modelled EELS behavior of different localized surface plasmon modes in a rod88

Figure 22: Experimental EELS localized surface plasmon modes in a rod structure89.
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Figure 23: Experimental spectrum images demonstrating the modes of a long rod in EELS89.
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Split Ring Resonators
Another nanostructure that has been the subject of significant research is the split ring resonator
(SRR). The split ring resonator, as can be seen in Figure 26, is a U-shaped structure. An interesting
feature of the split ring resonator is that its geometry allows for an end-to-end dipole mode
generating a partially circulating current. Optical studies on both coupled and individual SRR
arrays have conducted extensively, in which subjects such as substrate effects92, gap size93, and
asymmetry94 have been investigated. SRR structures have also been measured in EELS by Von
Cube95,96. Here, they also consider the behavior of inverted structures. Figure 27 shows the ability
to tune the various modes in the SRR through the characteristic dimensions. It can be seen that the
first mode, which possesses the magnetic dipole, could not be raised beyond ~1.2 eV.
Substrate Effects in EELS
In a study by Kadkhodazadeh et al.97, the influence of the substrate on the plasmonic response was
investigated. Here, they compare a SiO2, SiNx, and Si substrate to the vacuum condition. The work
is predominately theoretical with basic experiments to provide a degree of validation. It was found
that the resonance of the LSPR mode can be dramatically altered by the substrate. A red shift from
the vacuum condition, associated with the dielectric properties, was maximized with Si and
minimized with SiO2. Further, the reduction of the substrate thickness was demonstrated as a
method to shift modes to higher energies. They also demonstrate the variation in the spectra as a
function of impact parameter (distance of probe position from the metal), where there is the
expected drop in intensity as this value increases.
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Figure 24 Resonance energy of very high aspect ratio rods90.

Figure 25: The plasmonic modes observed in a triangular structure91.
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Figure 26: Split ring resonator geometry93

Figure 27: Resonance energy of the SRR modes with size. The open circles represent the first mode95
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Coupled Structures
Another source of added complexity that can be used to augment the functionality of a plasmonic
material is placing individual nanoparticles in close enough proximity to encourage coupling. This
coupling creates a hybridization of the individual structures. The most basic coupled system is the
dimer, in which the metaatom is comprised of two individual structures. Au spherical nanoparticles
with a varying gap size98 demonstrated a single peak that shifted from the single rod resonance to
lower energy as a function of decreasing gap size via optical measurements. In a dimer structure
only the lower energy bonding mode is observable, due to the net electric field of the LSPR mode,
and thus it can be deduced that the higher energy dark mode is exhibiting the opposite behavior,
and thus enhancing the mode splitting. Observing this structure in EELS, as was done in97,99 reveals
the optically dark mode, and verifies that increasing the gap size decreases the splitting between
the two modes. The response from optical excitation can be observed within an EELS setup by
introducing an optical source to create stimulated electron energy gain and loss spectroscopy. This
was demonstrated on a dimer structure by Collette, et al.8.

Beyond the dimer, higher order coupled structures have also been investigated in EELS. One
study100 considered coupled ring structures consisting of individual Au rods in which various
influences such as number of rods (or “mers”) in the system from a trimer to a hexamer, gap size,
and rod length were characterized. Figure 28 shows these the coupled LSPR modes for these
structures. The generation of these coupled structures in closed ring structures have been studied
by other groups due to the circulating current that can achieved in modes where all individual rods
align head to tail22. As was discussed previously, this circulating current generates a magnetic
field. These coupled structures can be advantageous for creating higher energy resonance modes
compared to connected magnetic structures such as the SRR, due to lithographic limitations. The
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lengths of the individual cut rod structures can be nearly as large as the entire SRR and provide a
similar resonance energy.
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Figure 28: Modelled excitation modes in ring structures with increasing number of members100
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Authors Contribution
The author’s contributions were focused on the experimental aspect of the bi-metallic dewetting
process. In addition to synthesis of the Ag40Ni60 thin films, the author was responsible for
performing pulsed laser induced dewetting (PLiD) on the thin films. The samples were then
characterized by scanning electron microscope (SEM) and energy-dispersive x-ray spectroscopy
(EDX) to determine chemical segregation time scales compared to dewetting. Dynamic
transmission electron microscopy (DTEM) was conducted at Lawrence Livermore National
Laboratory, by Joseph McKeown; however, data analysis, interpretation, and the generation of
figures was conducted by the author. Finally, the author was responsible for generating a finite
element thermal model to approximate the timescales for liquid lifetime in both the DTEM and
bulk experiments. The author was responsible for generating the text for the experimental portions
of the paper. The theoretical aspect of the paper was conducted by collaborators, Javier Diez,
Alejandro Gonzalez, and Lou Kondic. The majority of the text discussing the theory has been
removed from this dissertation, as it does not directly pertain to work done by the author, though
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the figures are included. The abstract, introduction, and conclusions have not been altered from
the original text, and thus include discussion of the theory portion of the paper to provide insights
on the motivation and direction of the collaborative research.
Abstract
We consider the coupled process of phase separation and dewetting of metal alloys of nanoscale
thickness deposited on solid substrates. The experiments involve applying nanosecond laser pulses
that melt the Ag40Ni60 alloy films in two setups: either on thin supporting membranes, or on bulk
substrates. These two setups allow for extracting both temporal and spatial scales on which the
considered processes occur. The theoretical model involves a longwave version of Cahn-Hilliard
formulation used to describe spinodal decomposition, coupled with asymptotically consistent
longwave based description of dewetting that occurs due to destabilizing interaction between the
alloy and the substrate, modeled using the disjoining pressure approach. Careful modeling,
combined with linear stability analysis and fully nonlinear simulations, leads to results consistent
with the experiments. In particular, we find that the two instability mechanisms occur concurrently,
with the phase separation occurring faster and on shorter temporal scales. The modeling results
show strong influence of the temperature dependence of relevant material properties, implying that
such dependence is crucial for the understanding of the experimental findings. The agreement
between theory and experiment suggests the utility of the proposed theoretical approach in helping
to develop further experiments directed towards formation of metallic alloy nanoparticles of
desired properties.
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Introduction
Metal thin films of nanoscale thickness deposited on solid substrates and exposed to laser pulses
melt and dewet into nanoparticle arrays, which find application in a number of different fields
including solar cells, plasmonics, sensing and detection, among others, see101,102 for recent reviews.
In addition to the basic scientific interest, understanding these interface driven instabilities is
further motivated by their potential to drive various self– and directed–assembly
mechanisms103,104. During the past decade experimental techniques have improved significantly,
which lay the foundation for new theoretical insights into the dynamics of pure metals and also
bilayer films14,105,106. However, there has been very limited experimental work on immiscible
systems going through phase separation while being unstable with respect to dewetting type of
instability, see104 and references therein. Such systems are of particular interest since they allow
for multi–functional properties, associated with the multiple phases that emerge in the
nanoparticle, to be realized49,107–110. From the theory point of view, the considered systems are
challenging since they involve two coupled instability mechanisms operating in parallel. In
addition, the presence of a substrate clearly influences the dewetting process, and may also play a
role in phase separation. Although models describing unstable multicomponent systems are
available (e.g., Cahn-Hilliard formulation111), further work is needed to formulate a tractable
formulation, in particular when the domain of interest (the film itself) is evolving as well. We note
that a film geometry (film between two substrates) was considered in112,113 including discussion of
the boundary conditions between film and the substrate. Phase separation was coupled to fluid
dynamics in model-H, see114,115 for reviews. To describe coupling of dewetting and decomposition,
model-H needs to be completed by boundary conditions; such a model was studied without
dewetting but including the substrate and consideration of films with free surface116–118. Then,
model-H was simplified in longwave approximation, considering also the coupling between
decomposition and dewetting instability119,120. We are, however, not aware of any previous work
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applying these models to describe and model instabilities of films of nanoscale thickness in the
context of a specific experiment.
This paper is organized as follows. First we discuss two types of pulsed laser induced dewetting
(PLiD) experiments that provide complementary information about free surface and chemical
phase–separation instabilities in the Ag40Ni60 system, where a liquid phase miscibility gap exists
below 2800 K: (i) experiments on thin supporting membranes that provide time–resolved
information about free surface instability, as well as for long–time analysis of the chemical
composition of the resulting nanoparticles, while (ii) experiments carried out on bulk silicon
provide simultaneous information about both free surface and chemical instabilities, albeit with
lower temporal resolution. Then, we discuss the theoretical model that we have further developed
and adapted. As we will see, direct connection between experiments and theory is insightful, since
the experimental results immediately justify the choice of material parameters in the model. We
then proceed to discuss the results of linear stability analysis as well as of fully nonlinear time
dependent simulations that provide additional insight into the physical mechanisms governing the
instabilities.
Experimental Methods
Two different substrates were used in our experiments: 1) a thin 15 nm SiNx membrane supported
at the perimeter with 200 µm thick Si, and 2) 100 nm thermally grown SiO2 on 500 µm Si ”bulk”
samples. Ag40Ni60 thin films were grown on both substrates via radio frequency magnetron cosputtering from individual Ag and Ni targets powered with 40 and 70 W, respectively. The asdeposited film forms as a supersaturated nanocrystalline solid solution,23 and is liquefied using
nanosecond laser pulses121. The first set of experiments is carried out on the thin membranes122,123.
The experiments use DTEM (dynamic transmission electron microscope) that offers the unique
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ability to resolve small scale morphological changes on the nanosecond timescale during in situ
photothermal heating. Thus, this technique allows for the direct determination of the metal liquid
thin film free surface evolution. DTEM utilizes two pulsed lasers: one directed to the cathode to
photoexcite an electron beamlet and a second directed at the substrate to photothermally heat the
sample. The two laser sources are synchronized such that the imaging electrons arrive at various
“delay” times relative to the heating pulse, and thus provide snapshots of the evolving system with
nanosecond temporal resolution. For these experiments, the average laser fluence was (38 ± 1.5)
mJ/cm2, using a 1064 nm wavelength and 12 ns (full-width of the laser beam at 1/e2 of the
maximum fluence) Gaussian laser profile, and 20 ns square wave electron beamlet with a 75 ns
electron beamlet interpulse delay time (blue double arrow in Figure 29 The metal temperature after
a single laser pulse computed using finite element method (FEM) for a stationary 10 nm Ag40Ni60
film on the 15 nm SiNx membrane is shown as well. FEM simulations, including discussion of the
parameters entering the simulations were described previously121 (see also SI, Section 1 for more
details). The FEM result suggests that the temperature exceeds both the Ag (1234 K) and Ni (1728
K) melting temperatures, and thus the film fully liquefies; furthermore, the high temperature Ni
melts ∼ 7 ns after the laser pulse peaks. Subsequently, the liquid state is maintained for long times
(> 1 µs) (such long times are not included in Figure 29). Figure 29 also shows the DTEM delay
time (green double arrow), defined as the difference between the center of the imaging electron
beamlet and the simulated time at which the film temperature reaches the Ni melting temperature.
The latter time is for simplicity used as origin for the time axes. We note that since the electron
beamlet used for imaging has a 20 ns pulse width, the information (about the laser pulse pulse) ±
10 ns from the times denoted contributes to the results.
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Figure 29: FEM (finite element method) based temperature simulation of Ag40Ni60 thin film DTEM
experiment illustrating imaging at 25 ns and 100 ns liquid lifetime. The red dashed curve is the
normalized laser intensity, the solid black curve is the temperature profile of the Ag40Ni60 assuming a 38
mJ/cm2 laser fluence, and the blue dashed square waves denote the electron beamlets. See Supplementary
Information (SI), Section 1, for more details regarding FEM simulations.
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The second experimental setup considers metal films on a bulk substrate, which is a much better
heat sink, and thus requires higher laser fluence, and yields significantly faster cooling rates. Thus
a 248 nm KrF laser with a 20 ns Gaussian pulse width and a laser fluence of 170 mJ/cm2 was used
to perform PLiD on the bulk samples. The rapid cooling allows for subtle changes associated with
the brief high–temperature liquid lifetime to be frozen into the microstructure, and then
characterized ex-situ (Figure 32 later in the text includes the example of simulation results).
Experimental Results
Before presenting the experimental results, it is instructive to first review the general dewetting
dynamics that are observed in metallic thin films. A thin solid metal film, while not in its lowest
energy state due to is high surface area to volume ratio, is typically stable at room temperature (on
experimental time scales) since the requisite diffusive material transport is slow. When pulsed with
a laser at a fluence sufficient to melt the film, the liquid film can dewett via spinodal dewetting or
by nucleation of holes.3 After a hole formation, the rim surrounding the hole expands, coalescing
into a network of rivulets. These rivulets subsequently destabilize via Rayleigh-Plateau type of
instability into drops that solidify into truncated nanoparticles sitting on the substrate with wetting
angles with the substrate governed by the balance of liquid metal-substrate-vacuum interface
energies. In this work we are interested in elucidating how these fluid instabilities and consequent
material transport are affected via the simultaneous phase separation of an immiscible alloy. To
accomplish this we perform in situ DTEM experiments to determine the dewetting time scale and
then compare results on bulk substrates where we can observe the resultant competition between
the free surface instabilities and the phase separation. The sequence of images shown in Figure 30
is generated through the combination of four separate (PLiD/DTEM) experiments, with each
experiment denoted by a specific color in the border of the images where two cathode pulses are
generated for each experiment with an interpulse delay time of 75 ns (note the blue double arrow
in Figure 29). Figure 30 shows DTEM results demonstrating a progression from a 10 nm Ag40Ni60
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Figure 30: DTEM images of Ag40Ni60 thin film dewetting progression as a compilation of four separate
experiments (denoted by image border color. The time is measured relative to the onset of Ni melting. The
length of the horizontal black line corresponds to 5 µm.
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thin film deposited on a thin Si3N4 membrane to an array of nanoparticles formed via PLiD.
Changes to the sample morphology are observed after 5 ns, in the form of isolated hole formation.
The film then progresses to partial breakup into rivulets at 20 ns, and nanoparticles by 30 ns. These
results are consistent with previous DTEM experiments.24 We also note similarity of the emerging
patterns to the ones observed during dewetting of polymer films124–126, although the latter occur on
very different timescales due to significantly larger viscosities104.
Beyond film breakup, we also observe phase separation in the resultant nanoparticles. Figure 31
illustrates a high angle annular dark field (HAADF) image and energy dispersive x-ray
spectroscopy maps of the combined Ag and Ni concentrations from the dewetted film.
The HAADF images are generated from electrons scattered at high angles so that they have both
thickness and atomic number contrast. Thus, the larger particles appear brighter and for areas that
are not saturated, the Ag is brighter than Ni. Several nanoparticle morphologies emerge, including
bimetallic Janus nanoparticles, and for larger particles we find Ni regions decorating the Ag core
particles.
The competition between dewetting and phase separation was observed through PLiD experiments
on a bulk substrate (Figure 32, Figure 33, and Figure 34, where cooling times are much more rapid.
Note that a higher fluence and slightly longer pulsewidth is used for the bulk substrate experiments.
Figure 32 demonstrates a PLiD progression from one to five pulses for three different initial film
thickness: (a) 10, (b) 20, and (c) 30 nm. Each image was taken near isolated hole formations,
indicating the film is in the initial stages of dewetting. Whereas dewetting was sufficiently slow in
the thicker films (20 and 30 nm) to capture holes in the laser center, the 10 nm film produced fully
formed nanoparticles in the laser center after one pulse. Thus, for the 10 nm film, images were
taken just outside the laser hot spot to observe this same stage of dewetting. Also shown in Figure
32d) are FEM simulations which indicate the rapid cooling associated with the 20 ns Gaussian
laser pulse width. The liquid lifetime for the 10 nm Ag40Ni60 film determined through FEM
simulations is ≈ 20 ns, which is consistent with the ≈ 30 ns evolution time determined in
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Figure 31: (a) High angle annular dark field (HAADF) scanning transmission electron image of AgNi
nanoparticles, and (b) Energy dispersive x-ray spectroscopy (EDS) image of (a) illustrating the chemical
morphology of the resultant nanoparticles (where red denotes Ni and light blue denotes silver). Note that
the results are long time configurations, obtained after solidification which occurs on the microsecond time
scale.

Figure 32: (a-c) Images of phase separation for films of thickness 10, 20, and 30 nm; (d) FEM simulations
for a single pulse for 10, 20, and 30 nm thick films. Note that the red dashed line is the normalized laser
intensity (left axis) and the two horizontal dashed and dotted lines are the Ni and Ag melting temperatures,
respectively.
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Figure 30. Figure 32 demonstrates that there are obvious signs of phase separation for all film
thicknesses after one laser pulse, as seen by the contrast in the film neighboring the holes. Here,
Ag develops as the darker matrix of the microstructure, and the Ni as the brighter islands. Further
validation of chemical segregation, discussed below, indicates that phase separation starts
developing prior to spinodal dewetting, and that there is a coarsening observed for longer times
(multiple laser pulses). The Ni lamella width in the 10 nm thick film is on the order of 9.2±1.9 nm
(24.7±3.4 nm center-to-center spacing) and 15.8±3.6 (42.0±7.4 nm) for a 1 pulse and 5 pulse
sample, respectively. The corresponding results for thicker films.
To verify the origin of the contrast occurring within the metal film, chemical analysis, via EDS
(energy dispersive x-ray spectroscopy), was performed. Figure 33a) shows an SEM (scanning
eletron miscroscopy) image with an overlaid green arrow denoting the region where an EDS
linescan was measured. Figure 33b) illustrates the Ag and Ni composition along the green line
shown in Figure 33a). The Ag and Ni concentrations fluctuate in a manner consistent with the
contrast seen in the SEM image. To further validate that the contrast observed in Figure 32a-c) can
be attributed to chemical segregation, Figure 33d) shows a two–dimensional map of Ag and Ni in
the box selected in Figure 33c). Once again there is a correlation between chemical segregation,
as demonstrated by the green (Ag) and red (Ni) regions in Figure 33d), and the contrast observed
in Figure 33c).
The length scale of dewetting for a 10 nm film was determined by nearest neighbor analysis of
dewetted particles, as seen in Figure 34. The images were processed using the ImageJ software.
The contrast was optimized and the image was thresholded to generate a pure black and white
image. Subsequently the average spacing was determined using the ImageJ nearest neighbor plugin
(NND) which generates a list of nearest neighbor spacings for each particle. Figure 34a) is a SEM
image of the dewetted film and b) shows a nearest neighbor distribution. Small areas of the part
(a) of the image were selected (c and e), where the image is processed (d and f) and analyzed to
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Figure 33: a) SEM image of 30 nm thick AgNi film following 20 pulses, b) EDS line scan associated with
(a), c) SEM image of 30 nm AgNi film following 20 pulses, d) EDS map of Ag (green) and Ni (red) associated
with (c). Note that the parts (a) and (c) show different regions of the film.
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Figure 34: a) SEM image of laser hot spot for 10 nm sample after one pulse, b) distribution of measured
particle spacing from (a), c-f) examples of raw and processed selections from (a) for particle analysis.
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determine the nearest neighbor distribution. The peak of this normal distribution (160-180 nm) is
consistent with the average spacing (175 nm) determined from this distribution.
Conclusions
Two experimental setups, considering thin alloy films evolving either on thin supporting
membranes or on bulk substrates, have allowed us to obtain simultaneous information about two
instability mechanisms: breakup of liquid alloy films into drops, and a chemical instability,
involving phase separation of constitutive metals. These results have guided further development
of the theoretical model based on the longwave Cahn-Hilliard formulation governing phase
separation, asymptotically consistent model describing free surface evolution, and utilizing
disjoining pressure describing destabilizing forces driving film breakup. The model that we have
presented may be considered as a first step in developing a more complete approach that would
include a number of aspects that have not been considered in detail (or not at all) in the present
work. These include in particular coupling of the present model with self-consistent computations
of the temporally and spatially dependent temperature field, as well as including the fact that the
metal/substrate interaction forces, modeled by the disjoining pressure formulation, may depend on
alloy composition.
Despite the implemented simplifications, we have shown that the current model can be used to
accurately describe the experimental results. The model therefore provides a basic setup to help
devise novel experimental setups directing the coupled free surface and phase separation
instabilities to produce particles of desired properties. We hope that the presented work will
encourage further research that will provide even more precise information about the liquid phase
evolution of immiscible alloy films toward bimetallic functional nanoparticle assemblies.
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Appendix 1: Collaboration Theory Figures

(a)

(b)

(c)

(d)

Figure 35: (a) Characteristic length and (b) characteristic time of the concentration instability as a function
of temperature T for given values of the Girifalco–Goods coefficient, Φ. The arrow shows the direction of
Φ increase. (c) Characteristic length and (d) characteristic time of the thickness instability as a function of
he for parametrically specified values of the Hamaker constant A. The arrow shows the direction of A
increase. In all cases, the black points indicate the chosen values for the simulations: (a) λm,φ = 33 nm, (b)
τm,φ = 6.1 ns, (c) λm,h = 185 nm, (d) τm,h = 5.7 ns. λm,h = 2π/km,h and time τm,h = 1/ωm,h as a function of he for
given values of A. Figure 7(c) and (d)) and the experimental observations shown in Fig. 6 lead to the choice
he = 1 nm and A = 2 × 10−17 J (black points in Fig. 7(c) and (d)). We point out that the choice of appropriate
value for he is also governed by practical considerations: the simulations that will be discussed in what
follows are difficult to carry out for very small values of he, for this reason we chose he = 1 nm, although
the realistic value may be smaller, see Ref.42
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Figure 36: Time evolution of h/h0 (blue), ψ/h0 (black) and φ = ψ/h (red) for a film of thickness h0 = 10 nm
and Ag–concentration φ0 = 0.4 in a domain L = 5λm,h = 956.2 nm: (a) t = 30 ns, (b) t = 50 ns, (c) t = 100
ns, (d) t = 1000 ns. See SI, movie-2D for animations.

Figure 37: Space-time plots showing evolution of the patterns from Fig. 8 (for early times). As in Fig. 8, φ
corresponds to Ag concentration. The kinks that are visible around times ∼ 220 − 230 ns are discussed in
the text, see also SI movie-2D for animations.
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Figure 38: Evolution of (top) φ = ψ/h and (bottom) ψ/h0 (h0 = 10 nm and φ0 = 0.4) for (left to right) t =
40, 80 and 700 ns. The yellow solid curves show the drop border (level line for h = 1.5he). The linear
dimension is 6λm,h, twice as large as the actual computational domain size. See SI, movie-3D-phi and
movie-3D-psi for animations.
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Abstract
Pulsed laser induced dewetting (PLiD) of Ag0.5Ni0.5 thin films results in phase separated bimetallic
nanoparticles with size distributions that depend on the initial thin film thickness. Co-sputtering
of Ag and Ni is used to generate the as-deposited nanogranular supersaturated thin films. The
magnetic and optical properties of the as-deposited thin films and PLiD nanoparticles are
characterized using a vibrating scanning magnetometer (VSM), optical absorption spectroscopy,
and electron energy loss spectroscopy (EELS). Magnetic measurements demonstrate that
Ag0.5Ni0.5 nanoparticles are ferromagnetic at room temperature when the nanoparticle diameters
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are > 20 nm, and superparamagnetic < 20 nm. Optical measurements show that all nanoparticle
size distributions possess a local surface plasmon resonance (LSPR) peak that red-shifts with
increasing diameter. Following PLiD, a Janus nanoparticle morphology is observed in the scanning
transmission electron microscope (STEM) and low-loss electron energy loss spectroscopy (EELS)
reveals size-dependent Ag and Ni LSPR dipole modes, while higher order modes appear only in
the Ag hemisphere. PLiD of Ag-Ni thin films is shown to be a viable technique to generate
bimetallic nanoparticles with both magnetic and plasmonic functionality.
Introduction
Nanoparticles possessing magneto-plasmonic bi-functionality have recently emerged as an
innovative tool in biomedicine. Magnetic nanoparticles can be used to guide drug delivery, provide
contrast in magnetic imaging, and generate heat via an alternating magnetic field127,128, while
plasmonic particles are used for optical imaging, sensing, and drug delivery129. These two
properties can be combined for specific applications utilizing bi-functional magneto-plasmonic
nanoparticles, including magnetic resonance imaging130, magnetic hyperthermia therapy 131, and
detection of tumor cells 132,133.
Chemical growth techniques127 are most commonly utilized for fabricating magneto-plasmonic
nanoparticles; however, another highly robust technique exists: pulsed laser induced dewetting
(PLiD)14,16–18. PLiD exploits the inherent metastability of a metallic thin film on a substrate. Rapid
heating of the thin film (typically less than 20 nm thick), via a nanosecond pulsed laser, generates
a random array of spherical caps with a wetting angle dependent on substrate/film interactions. An
added degree of control can be achieved by lithographically patterning the metal thin film prior to
dewetting in order to design the size, spacing, and location of these nanoparticles1,2,33,35,72. In lieu
of lithography, the initial metal film thickness can be used to influence the resultant nanoparticle
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size as thicker films yield a distribution with larger particles. While PLiD nanoparticles are
typically exploited on substrates, it is envisaged that free nanoparticles can be released from the
substrate via a post-etching or release process.
Nanoparticles exhibiting both plasmonic and magnetic properties have primarily been achieved
using a noble metal, Au127,128,131,133 or Ag134,135, and Fe3-xO4127,128,131,133–135 or Co135, respectively.
While much research has been conducted on single component metal dewetting, a few studies have
explored multi-component dewetting45,47,110,123,136,137. In a multi-component system, atomic
interactions between dissimilar atoms create chemical instabilities that can compete or synergize
with the dynamics observed in single component dewetting. While these interactions add
complexity to the nanoparticle self-assembly dynamics, the enhanced functionality, such as bifunctional magneto-plasmonic nanoparticles, has stimulated several groups to explore PLiD of
both miscible55 and immiscible123,138 bi-metallic systems. The overarching goal is to understand
the simultaneous hydrodynamic and chemical energy landscape to create intricate nanoparticle
morphologies.
The binary material system investigated here, Ag-Ni, offers significant potential for magnetoplasmonic nanoparticles via PLiD for three primary reasons. First, the individual elemental
properties are compelling, with Ag exhibiting strong plasmonic properties, and Ni being a highmoment ferromagnet. Second, both Ag and Ni are biocompatible, allowing their integration into
medical treatments. Finally, the thermodynamic mixing behavior of Ag and Ni is interesting in
that the alloy has very limited solid solubility with a liquid miscibility gap. Immiscibility across a
large temperature range is expected to facilitate the emergence of complex particle morphologies
during the liquid phase dewetting process. Depending on initial film geometry, substrate, and laser
heating conditions, various particle architectures can be achieved, including Janus, core-shell,
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homogenously dispersed fine grains, and variations thereof139.Through an improved understanding
of multi-component dewetting, the size and chemical morphology can be tuned to generate specific
magnetic and plasmonic properties.
Here we sputter various thickness Ag0.5Ni0.5 thin films and expose them to 20 ns laser pulses to
induce liquid state dewetting of the films. We correlate the nanoparticle size distribution of the
resultant nanoparticles to the as-deposited film thickness. We then compare the magnetic
properties and optical properties of the as-deposited thin films and the PLiD nanoparticle arrays.
Finally, low-loss EEL spectra for individual Ag-Ni Janus nanoparticles are measured and the full
plasmonic spectra are elucidated as a function of nanoparticle size.
Results and Discussion
Dewetting
As has been shown previously121, the as-deposited co-sputtered Ag0.5Ni0.5 films are a
nanogranular mixture of supersaturated Ag-rich and Ni-rich grains. The size distribution of the
nanoparticles derived from PLiD for five initial film thicknesses is shown in Figure 39. Due to
differing resolution requirements, the nanoparticles resulting from the initial film thicknesses of
20 and 10 nm were analyzed with a scanning electron microscope (SEM) on bulk substrates, while
the 5, 3 and 2 nm samples required transmission electron microscopy (TEM), and thus were
prepared on suspended membranes. As Figure 39f illustrates, and as has been demonstrated in
numerous materials, controlling the initial film thickness is a convenient tool to control the
nanoparticle size, where thinner films produce smaller particles. Except for the 20 nm thick
sample, the resultant PLiD nanoparticles exhibit a clear bimodal size distribution.
The hydrodynamic evolution of liquid thin films has been studied in detail, and is initiated by
instabilities such as spinodal and homogeneous and heterogenous nucleation14,28,41,122,140,141.
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Figure 39: a-e) Particle size distribution of PLiD samples from initial film thickness of 20, 10, 5, 3, and 2
nm, respectively. f) Average particle size of larger mode as function of initial film thickness.
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Briefly, an instability is nucleated in the liquid film, which grows and intersects the substrate
forming a hole, and a circular rim develops. The circular rims accelerate away from the hole center
due to a balance of the capillary, inertial and viscous forces. The circular rims intersect and form
a web of rivulets, which subsequently break up into nanoparticles via a Rayleigh-Plateau-like
instability mitigated by the substrate. The small nanoparticles typically result from satellite
nanoparticles that form in long wavelength Rayleigh-Plateau instabilities72. Auspiciously, the
larger mode should dominate the behavior of the nanoparticle distribution since these particles
dominate the overall material mass. With this in mind, for convenience in the remaining text, PLiD
samples will be commonly referred to by their average size of the primary mode, where values
300, 180, 45, 20, and 8 nm, are representative of the 20, 10, 5, 3, and 2 nm initial film thicknesses,
respectively. As illustrated in the STEM image in Figure 39c and d (see supplemental information,
Figure S40, for enlarged view) a predominantly phase separated Ag-Ni Janus nanoparticle

morphology results from the PLiD versus the nanogranular supersaturated solution of the asdeposited thin film.
Magnetic Measurements
To correlate the as-deposited nanogranular mixture of Ag-rich and Ni-rich supersaturated solutions
in the as-deposited thin films to the phase separated PLiD nanoparticles, magnetization versus
magnetic field (M-H) curves of the as-deposited Ag0.5Ni0.5 thin films (a and b) and nanoparticles
generated by PLiD (c and d) are demonstrated in Figure 41 Figure 2. The figures show the M-H
results for thin films at 300 K (a and c) and 1.9 K (b and d), respectively. The five curves
correspond to the different as-deposited film thicknesses (a and b), which correlate to a peak in the
nanoparticle size distribution (c and d) as illustrated in Figure 39.
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Figure S40: Enlarged TEM images (found in Figure 1) of 3 nm (a) and 5 nm (b) PLiD samples
demonstrating Janus particles
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Excluding of the 2 nm thick film, which has a signal below the noise level of the vibrating scanning
magnetometer, all as-deposited films (Figure 41c) are superparamagnetic at 300 K, as indicated
by the closed hysteresis loop and sigmoidal field response. At 1.9 K (Figure 41b), the as-deposited
films behave as ferromagnets, with the 2 nm film demonstrating a slight diamagnetic tilt, likely
from the substrate. Thus, it can be deduced that the blocking temperature, TB, is somewhere
between these two temperatures. M-H results at additional temperatures (see Figure S42 in
supplemental information) indicate that TB is approximately 200 K for the 20 nm film, 50 K for
the 10 nm film, and 1.9 K for the 5 nm film.
Another trend observed in Figure 41b, c, and d is the establishment of an exchange bias in the
hysteresis loops, such that they are not centered about zero field. This is most likely an indication
of oxidation at the surface of the nanoparticles and the as-deposited film, which leads to the
formation of the antiferromagnetic NiO phase. While the Néel temperature of NiO is far above
room temperature (525 K), the thin surface oxide does not possess sufficient anisotropy to bias the
hysteresis loop and is likely below its blocking temperature as-well. Upon cooling the thermal
fluctuations become suppressed, stabilizing the ordering of the antiferromagnet and establishing
the exchange bias.
At 300 K, Figure 41c shows that the larger particles (180 and 300 nm) are ferromagnetic, as is
evidenced by the open hysteresis loop. The behavior observed in the 45 nm particles, however, is
much more subtle, as the measured coercivity is significantly reduced; the coercivity is on the
order of 50 Oe (45 nm) compared to 600 Oe (180 nm) and 300 Oe (300 nm). The reduction in
coercivity in the 45 nm sample is likely an indication that this particle size is near the single domain
transition. For smaller particles, the reversal occurs by a coherent rotation mechanism, while larger
particles reverse by a domain nucleation-propagation mechanism. There is an expected loss in
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coercivity as the reversal mechanism becomes coherent rotation, that is recovered in the multiple
domain regime142,143.
The two smallest nanoparticle distributions are superparamagnetic at 300 K, as indicated by the
sigmoidal and closed hysteresis loop. In this regime, the product of the magnetic anisotropy and
magnetic volume is comparable to the thermal energy, resulting in a coherent alignment of the
moments within the nanoparticle, but a lack of long term stability of their collective orientation.
Thus, it appears that at 300 K the superparamagnetic transition occurs somewhere between 20 and
45 nm in the bimetallic Ag50Ni50 nanoparticles. Pure Ni nanoparticles have been found to exhibit
room temperature superparamagnetism below a critical diameter of ≈30 nm which agrees well
with the observed results143. Figure 41d shows the M-H loops measured at 1.9 K, and illustrates
that at this temperature all the samples exhibit coercivity. This indicates that even for the 8 nm
nanoparticles, the superparamagnetic-to-ferromagnetic transition occurs above 1.9 K.

In Figure 43a-c the M-H plots are included at test temperatures from 1.9 K up to 300 K for the 45,
20 and 8 nm PLID nanoparticles. The 8 nm particles demonstrate a clear superparamagnetic
transition between 1.9 K and 50 K, while the 20 nm particles have a transition between 150 K and
200 K, and the 45 nm particles exhibit no superparamagnetic transition up to 300 K. To more
accurately determine the blocking temperatures, Figure 43d,e,f is a plot of the magnetic moment
as a function of temperature for the 8, 20 and 45 nm particles, respectively. The peaks in the zero
field cooled (ZFC) curve reveal the blocking temperatures of the nanoparticle distributions.
Experimental values are compared against the calculated values, determined by the equation listed
below, where KU is the magnetocrystalline anisotropy of nickel (5.7 ×103 J/m3), V is the particle
volume, KB is the Boltzmann constant, τ is the observation time (2 s), and τ0 is the characteristic
flipping time, assumed to be 10-9 s.
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The calculated TB for the 8 nm particles is 5 K, and so the measurements starting at 2 K leave too
little temperature range to resolve the ‘bump’. This is consistent with Figure 43d, which shows an
up-swing in the M-T curve, but no bump, and Figure 43a, which shows that at 1.9 K the
nanoparticles are below TB. Figure 43e demonstrates a much more pronounced peak, in this case
at approximately 200 K, again in agreement with the corresponding M-H plot. However, the
calculated value for TB is lower, at 80 K. The experimentally determined TB will be sensitive to
the largest particles, and so it is not surprising that the experimental value is larger than the
calculated. Finally, the 45 nm particles show no blocking temperature, even up to 400 K, consistent
with Figure 43c. Calculating TB for the 45 nm particles indicates a temperature of 982 K, higher
than the Currie temperature of Ni.
Optical Transmission
To correlate the as-deposited nanogranular mixture of Ag-rich and Ni-rich supersaturated solutions
in the as-deposited thin films to the phase separated PLiD nanoparticles, optical transmission
spectroscopy measurements on as-deposited films and PLiD nanoparticle arrays were also
performed. Figure 44 illustrates optical absorption spectra for as-deposited films (a) and PLiD
samples (b). The as-deposited films exhibit no plasmon peaks except in the 2 nm thick film, where
a broad peak is observed at 425 nm (2.92 eV). Here, a peak is observed because the 2 nm thick
film is not continuous and instead form isolated islands of material. As film thickness increases
the film is continuous by 5 nm thick, and beyond this the absorption increases due to the high
imaginary index of refraction of both silver and nickel in this wavelength range.
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Figure 44: Transmission absorption spectra for a) as-deposited films denoted by their thickness, and b)
PLiD samples denoted by their peak in the resultant particle size distribution.
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In the PLiD samples, all four particle diameters produce a plasmon peak in the range of 400 – 550
nm (3.10 – 2.25eV). There is the expected blue-shift with decreasing particle diameter, as observed
in EELS, from the 300 nm through the 45 nm nanoparticles. From 45 nm to 8 nm, there is slight
shift in the peak position back to lower energies; however, there is a significant degree of
broadening observed for the 8 nm particles. This broadening obscures the location of the peak, and
is likely due to increased scattering from the extremely small size of the nanoparticles. The peak
breadth of the 300, 180, and 45 nm samples is quite similar which is surprising due to the variation
in particle size distribution observed in Figure 39.
Electron Energy Loss Spectroscopy
In addition to absorption measurements of PLiD nanoparticle arrays, STEM and low-loss EELS
were measured on several individual nanoparticles. The most commonly observed particle
morphology revealed in the dark field scanning transmission electron microscopy is a Janus
particle (see Figure 45e for high angle annular dark field STEM image). Interestingly, while the
ensemble composition is ~ Ag0.5Ni0.5, the individual nanoparticle composition can vary based on
the dewetting dynamics. The slower cooling time associated with the thin suspended membranes
allows ample time for the kinetics to drive the particles to what appears to be an equilibrium Janus
morphology. Low loss electron energy loss spectroscopy (EELS) is a useful tool to measure the
full plasmonic spectrum of plasmonic nanostructures. The Ag-Ni Janus particle morphology yields
obvious differences when probing the two sides of a nanoparticle; the EELS spectra for the Ag
and Ni sides as a function of particle diameter are included in Figure 45a and b.
In the smallest nanoparticles, probing the Ag hemisphere excites two localized surface plasmon
resonance (LSPR) peaks beyond the Ag bulk plasmon (located at ≈3.8 eV): the dipole at 2.9 eV
and the quasiplanar mode, which is a mixture of higher order modes with an energy of ≈3.5 eV.
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Figure 45: a) EELS spectra from a probe position on the Ag hemisphere as a function of particle size, b)
EELS spectra from a probe position on the Ni hemisphere as a function of particle size, c) peak position
of Ag and Ni dipole, and Ag quadrupole as a function of particle size, d) EELS spectra for 90 nm particle
probed at Ag and Ni ends e) STEM image of 90 nm Ag-Ni Janus particle, f-i) EELS spectrum images
demonstrating the plasmon modes of the 90 nm particle shown in e).
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As particle size increases the expected red-shift of the dipole peak occurs where the 129 nm
nanoparticle exhibits a dipole peak at an energy of 1.9 eV. In addition to the dipole shift, as the
particle size increases, the quadrupole first becomes distinguishable from the quasiplanar mode in
the 90 nm nanoparticle and then also red-shifts at larger sizes. No other higher order modes emerge
from the quasi-planar mode. When probing the Ag side of the 90 nm and 114 nm particles, the
peak positions of the dipole, quadrupole, and quasiplanar modes are in very good agreement with
the reported peak positions for a pure Ag 100 nm particle20.
When probing the Ni side of the nanoparticles there is a dipole that is slightly shifted to lower
energy relative to the Ag dipole, which is consistent with the Ni dielectric constant. This
approximate offset is maintained across all nanoparticle sizes. Because the Ni surface plasmon is
significantly damped relative to the silver, identification of any modes beyond the dipole is much
more challenging relative to the silver Ag side. There is, however, an additional peak at ≈2.8 eV
for the 129 nm particle when probed on the Ni side. The peak position of the Ag dipole and
quadrupole, along with the Ni dipole is plotted as a function of particle size in Figure 45c.
The individual point spectra for the Ag and Ni hemispheres of the 90 nm particle are included in
Figure 45d (see Figure S46 in supplemental information for STEM images Figure 45e-i shows the
HAADF STEM image of the 90 nm nanoparticle and the associated EELS maps for this particle
to visualize the LSPR modes. Each map is associated with a specific energy window, and the color
contrast indicates the relative intensity in the chosen energy range. The lowest energy map, at 2.4
eV, demonstrates the Ni dipole where the intensity is elevated all around the particle, and is a
maximum at the Ag and Ni ends; the peak on the Ag end is due to the fact that the Ag dipole peak
has an appreciable signal at 2.4
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Figure S46: STEM images of PLiD EELS samples demonstrating Janus particles via Z-contrast imaging
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eV. The Ag dipole, 2.6 eV, possesses a similar signature, however, the intensity is much lower on
the Ni side. The final two maps (Figure 45h and 5i) show the Ag quadrupole and the Ag
quasiplanar modes. Both modes are brightest around the Ag hemisphere. The primary difference
between the two modes is that the quadrupole near field extends farther from the nanoparticle
surface, whereas the quasiplanar mode has a much stronger signature in the bulk.
Conclusions
Magnetic and optical characterization has demonstrated that Ag-Ni nanoparticles fabricated via
PLiD possess interesting magneto-plasmonic bi-functionality. The initially nanogranular
continuous 2D thin films are composed of an Ag-enriched supersaturated solid solution and a Nienriched supersaturated solid solution. The Ag-Ni films form Ag-Ni nanoparticles on various
substrates following photothermal nanosecond pulsed laser heating. Varying the thickness of the
Ag0.5Ni0.5 thin films prior to dewetting provided good control over nanoparticle size distributions.
By controlling the size of the nanoparticles, room temperature magnetic properties can be tailored
from ferromagnetic (>20 nm) to superparamagnetic (<20 nm). Additional trends, such as a
transition from a single to multi domain magnetic regime, and the superparamagnetic transition
temperature were also demonstrated. Optically, STEM EELS and optical absorption measurements
show the expected trend of red-shifting the LSPR peak with increasing nanoparticle size. Samples
fabricated for STEM EELS demonstrated Ag-Ni Janus particles as the dominant nanoparticle
morphology. These Janus nanoparticles were found to possess an LSPR dipole peak at an energy
corresponding to both Ag and Ni, depending on the hemisphere where the sample is probed. The
Ni hemisphere in general have more damped and lower energy LSPRs, whereas the stronger
LSPRs in the Ag hemispheres exhibit a clear dipole, quadrupole and quasiplanar mode at larger
particle sizes.
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Methods
Materials
Ag0.5Ni0.5 thin films were synthesized via radio frequency magnetron co-sputtering. A base
pressure of < 4x10-7 Torr was achieved for all samples, and sputtering was conducted at a pressure
of 5 mTorr with an Ar flow rate of 25 sccm. Forward powers of 70 W and 40 W were used for Ni
and Ag targets, respectively, to ensure an ~50/50 composition (confirmed via energy-dispersion
x-ray spectroscopy). The as-deposited film forms as a supersaturated nanocrystalline solid
solution121.
Films of 20 nm, 10 nm, 5 nm, 3 nm, and 2 nm were deposited on various substrates and tested asdeposited as well as following PLiD. Magnetic samples were deposited on 100 mm diameter, 500
µm thick Si wafers coated with 100 nm of thermally grown SiO2 to act as a thermal and chemical
insulating layer. Samples prepared for optical transmission testing were deposited on 100 mm 500
µm thick quartz substrates. Finally, transmission electron microscope (TEM) and electron energy
loss spectroscopy (EELS) samples were deposited on commercial 20 nm thick, 50 µm x 50 µm
SiO2 membranes.
Nanoparticles were formed through PLiD using a krypton fluoride excimer laser with a wavelength
of 256 nm. The laser has a Gaussian temporal distribution with a full width half max of ≈20 ns.
Samples were subjected to 10 pulses with a fluence of approximately 170 mJ/cm 2 for samples
deposited on the 100 nm SiO2/silicon wafers, and 1 pulse at ≈50 mJ/cm2 on TEM membrane
samples. Due to the significant difference in substrate heat conduction, more pulses at higher
fluence were required for the 100 nm SiO2/silicon wafers to achieve a similar stage of dewetting
as was achieved with a single pulse at lower fluence on the 20 nm SiO2 suspended membrane.
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VSM
The magnetic properties of AgNi were characterized using a vibrating sample magnetometer
(VSM) on a PPMS DynaCool. The magnetization vs temperature curve was measured by zero
field cooling (ZFC) and field cooling (FC) from 1.9 K to 400 K with an external magnetic field of
50 Oe. The measurement time per point was 2 s. The magnetic hysteresis loop of the sample
proceeded from -4000 Oe to 4000 Oe at temperatures between 2 K and 300 K.
Transmission:
Optical transmission spectroscopy was conducted on as-deposited thin films and PLiD samples. A
10 mm aperture was used for the as-deposited films, while a 1 mm aperture was used following
laser treatment. A wavelength range of 200 – 1000 nm was used.
EELS
Low-loss EEL spectra and spectrum images were taken using a Nion aberration-corrected high
energy resolution monochromated EELS-STEM (HERMES) operated at an accelerating voltage
of 60 kV. The convergence and collection semiangles used for the spectrum acquisition were 30
and 15 mrad, respectively. The energy resolution (full width at half-maximum of the zero-loss
peak) was approximately 20 meV. The EEL spectra presented in Error! Reference source not f
ound. were normalized to the zero-loss peak.
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Introduction
Alloying in metallic nanomaterials is a powerful technique to not only control individual material
properties, but also to create multi-functionality i.e., simultaneous magnetic and plasmonic
properties. When introducing additional components to a material system, factors such as chemical
composition, mixing behavior, and changes to equilibrium crystal structure, all can have a
profound influence on the material properties. Physical vapor deposition provides a convenient
tool for rapidly achieving thin film nanomaterials over a large compositional range. Further, the
high energy deposition process allows for the realization of material configurations that are outside
of bulk thermodynamic behaviors. An example being the as-deposited supersaturated solid
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solution found in various sputtered nanoalloys121,144,145. Annealing can then be used to achieve the
thermodynamic state of the system through recrystallization, grain growth, and phase separation.
Higher temperature heat treatments can be used to alter the physical morphology of the metallic
thin films through a process called dewetting. The exceptionally high surface energy inherent to
thin films, due to the large ratio of surface area to volume, renders the as deposited films
metastable. The energetically stable configuration is an array of spherical caps with wetting angles
and diameters dependent on the substrate/material properties and thin film thickness. Timescales
to reach this state at room temperature are exceedingly long, and thus thin films maintain their
shape at room temperature for long periods of time. Introduction of heat greatly accelerates the
dewetting dynamics and can shorten the duration to nanoseconds when ultrathin films liquify. The
use of a pulsed laser to generate these arrays of nanoparticles is termed pulsed laser induced
dewetting (PLiD), and a review on the hydrodynamics can be found here17,18,33,146. The rapid
processing time associated with this technique can also create chemical configurations outside of
equilibrium that can be altered with annealing.
Nanomaterials possessing combined magnetic and plasmonic properties have recently emerged as
enticing functional materials in various applications including cancer detection and
treatment128,147–149, magnetic resonance imaging150,151, data storage152, and mechanochromic
devices153. These properties are predominantly achieved with nanoparticles in the Fe3-xO4 material
system, though AuCo also demonstrates this bi-functionality, in addition to attractive catalyst
capabilities154,155. The majority of research on AuCo nanoparticles has been focused on
nanoparticles achieved via chemical growth techniques156–158. Research in the thin film
configuration have been studied as multi layers for data storage152, and as deposited, via
evaporation159–161 and sputtering40,162,163 with much of the fucus on the material structure160,162,
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which has been observed as a solid solution, amorphous, and a solid solution with interspersed Au
and Co particles.
In previous work we have demonstrated magneton radio frequency sputtering and PLiD as a robust
technique for synthesis of magneto-plasmonic bi-functionality164. The size of as deposited
Ag50Ni50 thin films and PLiD nanoparticles provided a tunable parameter for the magnetic and
plasmonic properties, namely exhibiting control in LSPR resonance frequency and
superparamagnetic blocking temperature. Here, we expand upon this research in a new material
system, AuxCo1-x, by examining the influence of composition and chemical morphology on the
material properties. The as deposited thin film and as PLiD nanoparticles are compared with phase
separated thin films and nanoparticles at three compositions within a large compositional range.
We perform exhaustive characterization that includes vibrating sample magnetometry (VSM),
ellipsometry, optical transmission spectroscopy, and electron energy loss spectroscopy (EELS) to
better under the interplay between composition, physical and chemical morphology, and magnetic
and optical properties.
Materials Synthesis
Sputtered Thin Film
Figure 47a is a schematic of the sputtering configuration used to synthesize a wide range of
compositions of mixed AuxCo1-x thin films for initial characterization. The substrate is placed in
between a pure Co and pure Au sputtering target (Figure 47a). Because both targets are oriented
at an angle with respect to the substrate, the deposition rate of each target is variable depending on
the location of the substrate: the areas on the substrate closest to each target will be rich in that
element. Thus, with a stationary substrate throughout the deposition, a compositional gradient is
achieved across the substrate, as demonstrated in Figure 47b. Conversely, by rotating the substrate
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Figure 47: a) Representation of AuCo combinatorial sputtering, b) modelled compositional gradient
across the AuCo thin film after combinatorial sputtering, c) comparison of model vs experiment, d-r)
SEM images. of the thin films, s-w) X-ray diffraction at five compositions along the chemical gradient of
as deposited (black) and annealed (blue at 350°C and red at 520°C) thin films.
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during deposition, a continuous composition of the two elements is obtained across the entirety of
the substrate. In this paper both methods are utilized. The combinatorial sputtering approach
(stationary substrate) was used for the initial characterization of the material system. Then cosputtering (rotating substrate) was utilized to synthesize thin films with three specific compositions
for PLiD and further characterization.
To determine the crystal structure of the combinatorially sputtered AuCo thin film for various
compositions, x-ray diffraction (XRD) was conducted at five equally spaced locations along the
chemical gradient on both an as deposited and annealed ~400 nm thick sample. Annealing was
performed in vacuum at two temperatures: one in the HCP+FCC region of the phase diagram
(350°C for 2 hrs), and the other, in the FCC+FCC region (520°C for 2 hrs). The compositions, as
determined via energy-dispersive x-ray spectroscopy (EDX), were Au87Co13, Au67Co33, Au48Co52,
Au27Co73, and Au14Co86. Figure 47c-g demonstrates that the as deposited films form an AuxCo1-x
FCC solid solution, contrary to the phase separated thermodynamic equilibrium state. This is
apparent by the absence of peaks at angles associated with the FCC (111) orientation of pure Au
(~38°) or pure Co (~44°), and instead the presence of peaks in between that shift in 2θ consistent
with compositional changes. The most Au-rich and Co-rich positions, exhibit a single composition
of the solid solution, indicated by a single (111) peak. The remaining three compositions
demonstrate a primary peak with a shoulder, or a second peak in the case of the Au27Co73,
suggesting that there is a wider distribution of solid solution compositions present. None of the
compositions that were tested displayed any evidence of the Co HCP structure. The scanning
electron microscope (SEM) images included in Figure 47 demonstrate the extremely fine grain
structure (>10 nm) with no differentiation between the solid solution compositions for any of the
compositions.
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Annealing in the HCP+FCC and FCC+FCC temperature ranges resulted in nearly identical
behaviors in XRD. The solid solution peaks disappear and are replaced by peaks at ~38° and ~44°.
The first peak can easily be identified as the Au FCC (111), while the second peak has two potential
contributions: the Co FCC (111) peak discussed above or the Au (200) that is also located at ~44°.
In the most Au-rich samples, the Au (111) peak is much greater than the ~44° peak, whereas in
the Au14Co86, the relative intensities are much closer. For this reason, it can be deduced that the
increased Co content has enhanced the signal of the Co (111) peak enough to be discernable.
Regardless of the presence of a Co (111) peak, the disappearance of the solid solution, and
emergence of the Au (111) indicates phase separation has successfully been induced from
annealing. Further, there remain no discernible HCP peaks regardless of annealing temperature.
The low temperature annealing produces clear z-contrast in the SEM images seen in Figure 47,
where the higher Z element, Au, appears brighter. EDX mapping confirms this contrast and can
be clearly seen in Figure 48. As would be expected, as the Co composition increases, the frequency
of Co grains increases, though the size of the grains appears to be largest at the Au48Co52
composition. The distribution of Co islands within an Au matrix is maintained up until the highest
Co concentration, where the behavior is inversed. Increasing the annealing temperature leads to
formation of large crystals at the surface that obscure the differentiation between the two elements.
Following initial characterization, thinner films were synthesized for magnetic and optical testing.
Here, three compositions were selected for characterization. Due to the inability to characterize
the HCP peak, annealing was focused on the FCC+FCC region of phase diagram, to avoid
confusion. An annealing temperature of 450°C was chosen to be above the HCP region and at a
lower temperature than the previously used 520°C in the hopes of reducing the large surface crystal
formations. Figure 2 shows that very similar as deposited morphology is observed and following
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Figure 48: a-c) SEM images of the 60 nm thin films of the three compositions, d-f) SEM images
demonstrating the phase separation caused by annealing, g-l) EDX maps indicating the dark regions in
d-f are Co while the light areas are Au.
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annealing large phase separation is achieve without the crystallization observed in Figure 47.
Figure 48g-l provides validation for the phase contrast identification from Figure 47d-f.
Nanoparticles via Pulsed Laser induced Dewetting (PLiD)
AuxCo1-x spherical cap nanoparticles, as seen in Figure 49, were synthesized from 10 nm cosputtered thin films via PLiD. While nanoparticles synthesized for magnetic testing allowed for
processing on “bulk” 500 μm thick Si substrates (coated with 100 nm SiO2), optical measurements
necessitated electron and optically transparent substrates. Here, a 40 nm thick low stress SiN x
membrane (~150 µm x ~150 µm) supported by a 300 µm thick Si frame was used. Previous work165
on 10 nm thick Ag60Ni40 thin films provides approximate heating conditions required to generate
nanoparticles on both substrates, and indicates a liquid lifetime requirement of approximately 20
ns for dewetting. Despite identical metal deposition on the two substrates, the variation in substrate
drastically alters the thermal behavior. Finite element thermal simulations shown in Figure 49j
indicate that a fluence of ~140 mJ/cm2 provides a sufficient liquid lifetime for the bulk substrates
while only ~40mJ/cm2 is necessary for the thin transparent substrates. Not only are energy input
requirements different, the liquid lifetime and cooling times are significantly longer on the thin
membrane compared to thick substrate (nanoseconds compared to milliseconds).
Figure 49 demonstrates that following PLiD, nanoparticles appear homogenous whereas annealing
results in distinct contrast indicating phase separation: as was the case with the thin films, the dark
areas correspond to Co. The three different compositions Au66Co34, Au48Co52, and Au22Co78
exhibit nearly identical behaviors following PLiD. Annealing for 20 mins, compared to 60 mins
does not result in markedly different behaviors, though there does appear to be some additional
conglomeration of phase separated areas into slightly large phase separated areas. Although there
does not appear to be an equilibrium chemical morphology for any composition, the Au66Co34
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Figure 49: a-c) Particle diameter distribution following PLiD on three different composition thin films, di) shows the particle morphology following annealing, j) XRD measurements on the Au50Co50 as PLiD
and annealed samples, k) thermal simulations for the three 10 nm thin films.
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sample is predominantly small Co cores that transition to the surface, a similar behavior is observed
in Au48Co52, albeit with larger Co regions, and the Au22Co78 is largely Co with Au areas seemingly
randomly distributed in the nanoparticle. XRD measurements of a PLiD sample prior to annealing
and after (Figure 49k), indicate that the as PLiD nanoparticles have a AuxCo1-x solid solution
structure, and that annealing induces phase separation; similar to what was observed in the as
deposited and annealed thin films. The combination of liquid miscibility, rapid cooling, and slow
kinetics allow for the generation of non-equilibrium AuxCo1-x solid solution nanoparticles. It
should be noted that XRD signal is significantly reduced in Figure 49 compared to Figure 47 due
to reduced dimensions of the tested samples owning to the small laser spot (>1 cm2) and thinner
(10 nm vs 400 nm) deposited thin film.
Magnetic Properties
Thin Films
The magnetic properties of the AuxCo1-x thin films prior to and after annealing were characterized
by vibrating sample magnetometry (VSM). These results are expressed as M vs. H plots at two
different test temperatures (2 K and 400 K) in Figure 50a and b, respectively. At 2 K, all samples
exhibit ferromagnetism, as would be expected from Co, which is identified via the characteristic
coercivity (opening of the hysteresis loop). At 400 K, the coercivity is decreased; however,
ferromagnetism is maintained for all samples other than the as deposited Au72Co28 sample. The
absence of coercivity, and a peak in the zero field cool plot at ~210 K (Figure 50c) indicates that
this film is exhibiting a superparamagnetic behavior above this blocking temperature. The
magnetic anisotropy of pure Co in the HCP structure is exceptionally high, making the formation
of superparamagnetism very challenging. Here, the combination of the FCC structure (lower
magnetic anisotropy), grain size (~10 nm), and prevalence of Au within the solid solution make
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Figure 50: M vs H plots at 2 K (a) and 400 K (b) for the as deposted and phase seperated 2D Au72Co28,
Au50Co50, and Au72Co28 thin films, c) ZFC plot for the as deposited Au-rch thin film, d and e)
demonstrate the temperature dependance of the Au50Co50 and Au72Co28 samples.
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this behavior possible. After annealing, large Co grains form which increases the magnetic
anisotropy, thus increasing the blocking temperature to above 400 K and leading to
ferromagnetism as seen in Figure 50b. The other as deposited films exhibit a similar nanogranular
structure, but do not have this same superparamagnetic behavior. This is due to the reduction of
Au in the solid solution, leading to greater magnetic anisotropy, and either an increase in the
blocking temperature, or a transition to a multidomain state.
In Figure 50 all magnetic moment measurements have been normalized to the estimated Co mass
of each sample. This normalization leads to similar saturation magnetizations for each sample,
outside of the Au72Co28 as deposited film above its blocking temperature. This is indicating that
there is very little contribution from Au on the saturation magnetization. There are however
significant differences in the reversal behavior that can be linked to the nanostructure of the films.
The Co grains within the Au72Co28 film are highly isolated and demonstrate a wide distribution in
size. For this reason, the individual grains do not communicate, and the result is a wide distribution
of reversal behaviors averaged together to make a gradually sloped reversal curve. The Au50Co50
sample still clearly has Co islands in an Au matrix; however, the size of these grains is more
consistent than that the Au72Co28 samples, and there is a beginning to an interconnected structure,
and thus the slope of the reversal curve is increased. Finally, the Au28Co72 thin film exhibits clear
interconnection between the grains leading to a markedly different reversal behavior. Here
nucleation begins much later than in the other films, and then at a critical field, there is rapid
reversal of the magnetization.
There is an obvious shift in the hysteresis loops of the as deposited Au28Co72 and Au50Co50 samples
towards the negative field. This behavior is due to exchange bias, which can be caused by an
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interface between an antiferromagnetic and a ferromagnetic material. The interface delays the
initiation of the ferromagnetic behavior as it requires more energy to overcome the polarization
created at this interface, thus shifting the ferromagnetic behavior toward the negative field in the
plot. The ferromagnetic component in the material is clearly Co; however, the antiferromagnetic
contribution could be attributed to CoO, Co3O4 or the interactions between Au and Co. The
exchange bias disappears with increasing test temperature as well as through annealing. Figure
50c and d show M vs. H plots for Au50Co50 and Au28Co72, respectively, at five different testing
temperatures. The exchange bias is largely eliminated by increasing the test temperature from 2 K
to 100 K. The Neel temperature of CoO is ~300 K, so it is unlikely that the exchange bias is due
to CoO. Co3O4 on the other hand has a Neel temperature of approximately 30 K; however, the
formation of Co3O4 is observed at elevated temperatures, which should not occur in the as
deposited films. Further, reduction in exchange bias from annealing also contradicts the possibility
of Co oxides, because annealing would be expected to increase oxide formation, and thus enhance
exchange bias. Annealing does, however, reduce the solid solution AuxCo1-x and with that many
of the Au and Co interactions. For these reasons it appears likely that the exchange bias is primarily
due to Au and Co interactions.
Nanoparticles
The magnetic properties of the nanoparticles shown in Figure 51 were measured using VSM. The
Au22Co78 and Au48Co52 PLiD nanoparticles exhibit an interesting behavior called a “waspwaisted” hysteresis loop. The geometry of the nanoparticles allows for magnetic domains to
generate a vortex around the circumference of the nanospheres. When the nanoparticles are in the
saturated state, all moment are aligned. When the field is cycled in the opposite direction, reversal
begins, and the vortex begins to form as the moment decreases from the saturation point, near zero
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Figure 51:M vs. H plots of the nanoparticles at 2 K and 400 K as PLiD and following annealing
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magnetization a full vortex is realized. This behavior is prevalent in all as laser treated
nanoparticles at RT and disappears in the Au rich sample at 2 k. Additionally, this behavior
disappears following the thermal anneal. The as laser treated nanoparticles are relatively
homogenous throughout each individual nanoparticle, while the annealed samples have larege
clusters of phase separated Au and Co. In the as laser treated nanoparticles domains can form
around the circumference of the spheres, but after phase separation, the Au rich grains block this
behavior.
The phase separation resulting from 20 minutes of annealing is sufficient to produce room
temperature ferromagnetism in all samples, as seen in Figure 5. There is essentially no observable
exchange bias at 300 K, and relatively minimal at 2 K, with the only noticeable trend being the
asymmetry in the positive and negative lobes. There is a significant variation in the saturation
magnetization in the most Co rich nanoparticles despite normalization to the Co mass, however
the coercivity and retentivity remain nearly identical for all compositions.
Optical Properties
Ellipsometry
The optical properties of the as deposited and annealed Au72Co28, Au50Co50, and Au28Co72 thin
films were measured via ellipsometry. These results, as well as reference data for Au166 and Co167,
are included in Figure 52 as a function of photon energy. The characteristics of a strong plasmonic
material, like Au, are a large |ε1 | (Figure 52b), indicating the polarization induced by incident light
at the surface of the material, and a small ε2 (Figure 52c), which is correlated to the extinction
ε

coefficient, and thus indicates absorption within the material. A simple relationship (− ε1), termed
2
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Figure 52: Ellipsometry results for the 60 nm Au72Co28, Au50Co50, and Au28Co72 films showing the
quality factor (a), ε1 (b) and ε2 (c) as a function of photon energy (eV) for as-deposited and annealed
samples. Also included is reference data for pure Au and Co. d and e) show the quality factor as a
function of Au composition for the as deposited and annealed thin films at four different energies.
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the localized surface plasmon resonance quality factor (QLSPR), can be used to express the viability
of a material for plasmonic applications:this value is plotted in Figure 52a. Below the energy of
the Au interband transition (~2.4 eV), Figure 52a demonstrates that the addition of Co, which
possesses minimal plasmonic functionality, greatly reduces QLSPR compared to pure Au. This
behavior is present in both the as deposited and annealed films, and scales with the composition
of Co. There is, however, a clear difference in the behavior of the as deposited film and the
annealed film. Whereas the as deposited film exhibits a behavior similar to pure Co, the phase
separation induced through annealing, significantly enhances the quality factor of the AuxCo1-x
thin films. Specifically, the Au72Co28 composition, suggests that small quantities of phase
separated Co can be introduced into an Au matrix while maintaining strong, albeit damped from
pure Au, optical properties in the visible and near infrared frequencies. Figure 52d and e exhibit
QLSPR as a function of Au composition for the as deposited (d) and annealed films (e). The as
deposited films show an incremental linear improvement in the QLSPR. Conversely, the annealed
films show a steep increase from Au50Co50 to Au72Co28. Another difference in the as deposited and
annealed films, is that the as deposited films show an incremental increase in QLSPR with decreasing
photon energy. The annealed films, where Au is fully separated from the solid solution, on the
other hand demonstrate a behavior very similar to Au, where QLSPR begins to decrease after a
maximum value around 1.5 eV.
Nanoparticles
Transmission Spectroscopy
Optical transmission spectroscopy measurements were conducted on pure Au, Au66Co34,
Au48Co52, and Au22Co78 nanoparticles prior to and after annealing, these results are plotted in
Figure 53. Also, included in Figure 53 (e-h) are nanoparticle size distributions for each
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composition. Whereas the particle distributions for the VSM samples were very consistent, here
there is significant variation between the different compositions. The resonance energy of LSPR
modes excited by the optical field are greatly influenced by the size of the nanoparticles, with
reducing the size of nanoparticles producing a blue shift in the spectra. This trend continues until
the lowest energy LSPR mode, the dipole, reaches a resonance energy at ~2.4 eV where interband
transitions are reached.
Figure 53 a exhibits the optical properties of pure Au. The pure Au PLiD nanoparticles produce a
sharp peak in absorption at ~2.1 eV. Annealing the Au nanoparticles results in a slight blue shift
and a modest increase in intensity of the peak. Au nanoparticles smaller than ~50 nm possess a
single resonance, termed the quasiplanar mode, that is nearly degenerate with the surface plasmon
polariton energy20, so it is reasonable that the predominance of nanoparticles in the 50-100 nm
range (Figure 53a) results in a peak at 2.1 eV. This primary peak can thus be identified as the Au
LSPR dipole mode. The other peak that is present at ~2.4 eV which likely be attributed to interband
transitions.
In the as PLiD state where nanoparticles are homogenous AuxCo1-x, there is no clear LSPR
absorption in the Au48Co52 and Au22Co78 samples, and only a weak and exceptionally broad peak
in the Au66Co34 sample. The strength of the LSPR dipole modes are enhanced significantly through
phase separation induced through annealing for 20 mins at 580°C, and then improved slightly
beyond that with an additional 40 mins of annealing. Consistent with what was observed in Figure
52, and evidenced here by Au66Co34, the addition of small amounts of phase separated Co allows
for a strong plasmonic response in AuxCo1-x. Beyond this point, the quality of the plasmon peak is
significantly reduced with increasing Co. Both the Au48Co52, and Au22Co78 compositions possess
only weak and very broad plasmon peaks even after annealing. It must be noted, however, that
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Figure 53: a, b, c, and d) optical transmission spectra of the four samples as PLiD and following
annealing, e, f, and g, and h) particle diameter distribution of pure Au and Au64Co34, Au48Co52, and
Au22Co78.
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there is also a significant broadening from the variation in the nanoparticle size distributions at
different compositions (Figure 53e-h). The Au66Co34 composition has the narrowest nanoparticle
distribution with an average size of ~130 nm, again ignoring sizes below 50 nm. The increase in
particle size compared to pure Au, leads to a red shift to 1.95 eV. The Au48Co52 sample has a wide
particle distribution from about 240 nm down to 50 nm, this results in a very broad peak beginning
at 1.75 eV. Finally, the Au22Co78 dipole mode is similarly broad with the presence of multiple
peaks spanning a wide energy range due to the breath in breadth nanoparticle size distribution.
Electron Energy Loss Spectroscopy
While the results from Figure 53 illuminate the average behavior of a large collection of
nanoparticles, electron energy loss spectroscopy (EELS) provides a tool to measure individual
nanoparticles, and thus directly observe the influence of chemical morphology on optical
properties. In Figure 54 three nanoparticles with different chemical morphologies, but very similar
composition and size (~155 nm) are analyzed via EEL point spectra at selected points of interest
and spectrum images of the overall nanoparticles. The point spectra shown in Figure 54 were fit
to two Lorentzian functions corresponding to the LSPR dipole mode and the quasiplanar mode;
energy positions of these fits were used to generate the energy filtering criteria in the spectrum
images. The first nanoparticle (Figure 54a) was dewet via PLiD with no further heat treatment
(directly comparable to the as PLiD plots in Figure 53). Here, there is a one predominant,
exceptionally broad, peak (FWHM = 1.65 eV) at 1.64 eV which can be identified as the LSPR
dipole mode. The spectrum image filtered to this energy, Figure 54, shows that this peak is
uniformly distributed around the nanoparticle. The second, and much smaller, peak is associated
with the quasiplanar mode and located at 2.72 eV.
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Figure 54: a, e, and j) show the HAADF STEM images of three AuxCo1-x nanoparticles, b, f, and k) show
the point spectra at the positions indicated in a, e, and j, c-d, g-I, and l-n) spectrum images filtered to the
energies indicated.
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Nanoparticles in Figure 54e and Figure 54j were both laser treated, and then annealed at 450°C for
2 hrs, and are thus comparable to the 20 and 60 min anneal plots found in Figure 53. As is seen in
Figure 49, there are a wide range of nanoparticle morphologies following annealing, and here two
different morphologies have been selected. It must be noted that the contrast between the two
phases is inverted in this figure, i.e. the darker contrast corresponds to Co, due to the transmission
aspect of this measurement technique. The first annealed nanoparticle has two Co sides with an
Au strip that reaches end to end. The other annealed nanoparticle found in Figure 54 is a near Janus
particle with a slight Au rich area in the Co hemisphere. Both nanoparticles exhibit a similar
behavior despite the variation in chemical morphology. A Co probe position results in a dominant
peak (the LSPR dipole) and a significantly smaller higher energy peak. Probing an Au position
results in a much larger higher energy peak (Au quasiplanar) in addition to the LSPR peak. An
interesting, but subtle, variation in the probe positions, is a very small red shift when probing the
Co side compared to the Au. Additionally, the intensity of the peak, as seen by the fitted point
spectra and spectrum images is not greater on the Au side and is actually larger on the Co side.
The shift in peak position when comparting the two annealed nanoparticles is likely due to the
slight variation in size, although the chemical segregation behavior could also be contributing to
this behavior. There are no obvious variations in the spectrum images at the Co and Au LSPR
resonance energies (Figure 54g, h, l, and m). The highest energy spectrum images, associated with
the quasiplanar mode, exhibit clear contrast that mirrors what is seen in the HAADF images for
the annealed nanoparticles, due to pronounced phase separation. Conversely, this mode in as PLiD
particle is uniform around the entire particle, consistent with the homogenous appearance. Finally,
it must be noted that the resonance energies for the nanoparticles measured in EELS appear to be
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red-shifted from the transmission measurements in Figure 7, this can be attributed to a slight
variation in the substrate.
Conclusions
The chemical composition and morphology of AuxCo1-x thin films and nanoparticles can readily
be controlled via a combination of co-sputtering, PLiD, and annealing, and demonstrate a large
degree of tunability in magnetic and optical properties. The solid solution thin films can
demonstrate superparagmetism with a sufficient Au content, while the demagnetizing behavior
can be controlled by the grain structure and chemical composition. PLiD nanoparticles exhibit a
wasp-waisted hysteresis behavior due to vortex generation, while after annealing large phase
separated grains of Au and Co lead to a more traditional ferromagnetic behavior. The optical
response of the AuxCo1-x nanostructures is also largely influenced by the chemical morphology.
When the Au and Co are intermixed in the solid solution state, the optical properties of the thin
films and nanoparticles are greatly reduced from that of pure Au. The phase separation of the Au
and Co through annealing significantly improves the optical response in ellipsometry, optical
transmission, and EELS. This improvement is enhanced with the reduction in Co composition
despite EELS evidence that excitation of the Co portions of a nanoparticle provides a similar, if
not augmented LSPR resonance. Excitation of the Co does lead to an LSPR mode that is slightly
red shifted from the Au LSPR mode which could explain some of the broadening behavior.
Methods
Radio Frequency Magnetron Sputtering
Two pure (Au and Co) sputtering targets were sputtered simultaneously with the substrate rotating
(no compositional gradient) and with the substrate stationary (chemical gradient from one target
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to the other) depending on experimental requirements. A base pressure of less than 3E-7 Torre,
sputtering pressure of 5E-3 Torre, and Ar flow of 25 sccm was used for all samples. For
combinatorial (no rotation) samples a bias of 20 W for Au and 200 W for Co resulted in a center
composition of Au50Co50. These conditions resulted in a deposition rate of 2 nm/min, measured
via profilometry. The 10 nm co-sputter films were achieved with Au sputtering powers (W) of 11,
20, and 20, and a Co bias of 200, 200, and 70 for the Au22Co78, Au48Co52, and Au66Co34
compositions. Each film was measured as 10 + 1 nm with a profilometer. A substrate of 500 μm
Si with a coating of 100 nm SiO2 was used for all samples other than those used for transmission
spectroscopy. For transmission, thin 40 nm 150 x 150 μm SiNx membranes supported by a 300 μm
thick Si frame were used.
Annealing
Annealing was conducted in vacuum (<10 mTorre). Annealing times and temperatures varied by
experiments as listed in the text.
Scanning Electron Microscopy and Energy dispersive X-ray spectroscopy
Energy dispersive x-ray spectroscopy (EDX) and scanning electron microscopy (SEM) were
conducted on a Carl Zeiss MERLIN SEM. The initial ~400 nm combinatorially sputtered AuxCo1x

thin film (as deposited and annealed) was characterized at five points separated by 20 mm along

the composition gradient. For EDX, an accelerating voltage of 20 kV. The second combinatorically
sputtered thin film (~60 nm) and the co-sputtered films were characterized with the same
parameters. In addition to large area spectra used to determine chemical composition, spatial EDX
maps were also collected to observe the nanoscale chemical morphology. Particle size distributions
in the PLiD samples and grain size in the thin films were determined with SEM images, and the
built-in particle analysis plugin in ImageJ.
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X-Ray Diffraction
X-Ray Diffraction patterns were measured using a Malvern Panalytical Empyrean diffractometer.
A 2theta-omega scan with an omega offset of -4.5° was run with a Cu tube (0.154 nm) with an
angle sweep from 30° to 110°. Measurements were taken approximately coincident to where the
five EDX scans were performed across both the as-deposited and annealed sample. The Au50Co50
as PLiD and annealed samples were characterized with the same parameters.
Ellipsometry
A JA Woollam M-2000U ellipsometer was used to measure ε1 and ε2 as a function of wavelength.
A spot size of approximately 1 cm x 1 mm. The approximate thickness of each sample was 60 nm,
which was sufficient to avoid substrate effects. The raw data was fit using an effective medium
approximation (EMA) model in which the composition of each component was estimated using
the EDS data. The two metal components were then fit using a spline model.
Vibrating Sample Magnetometry
A vibrating sample magnetometer (VSM) on a PPMS DynaCool was used to obtain the magnetic
properties of AuCo. The measurement time per point was 2 s. The magnetic hysteresis loop of the
sample was conducted from -5000 Oe to 5000 Oe at temperatures in the range of 2 K to 400 K for
the thin film samples, and at 2 K and 300 K for the nanoparticle samples. The sample size was ~4
mm vs 4 mm, and the mass normalization was conducted by measuring each sample, subtracting
the substrate and then using composition from EDX and thickness from profilometry to determine
the Co mass.
Pulsed Laser Induced Dewetting (PLiD)
Photothermal heating was conducted using a 248 nm KrF excimer laser. Experiments were
conducted in a pulsed mode using a 1/e2 Gaussian pulse width of 18 ns and a top hat spatial
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distribution. The PLiD samples on thick Si (VSM) were shot with five laser pulses with a fluence
of 140 mJ/cm2. A single pulse with a fluence of 40 mJ/cm2 was used for the samples supported by
the SiNx membrane (transmission).
Thermal Finite Element Modeling
In order to approximate the photothermal heating of the AuxCo1-x films, a thermal finite element
model (FEM) was utilized. Here, a heat source was applied at the AuxCo1-x surface (z = 0 nm), in
the same manner as168,169. The governing equation for the heat flow is listed below:
𝜌𝐶𝑝

𝑑𝑇
= 𝛻 ∙ (𝑘𝛻𝑇) + 𝑄(𝑥, 𝑦, 𝑧)
𝑑𝑡

𝑄(𝑥, 𝑦, 𝑧) =

2𝛼
𝑃(1 − 𝑅)𝐺(𝑡)𝑒𝑥𝑝(−𝛼𝑧)
𝜋𝑤 2

The terms α and R indicate the absorption coefficient and the reflectivity, respectively, which were
determined from the ellipsometry measurements for different compositions. The value w is the
full-width of the laser beam at 1/e2 of the maximum fluence. The laser fluence is demonstrated as
P. G(t) represents the temporal Gaussian of the KrF laser. The edges of the suspended membrane
were assigned a boundary condition of room temperature to approximate the thick Si frame. The
samples heated on thick Si did not require a boundary condition. The material properties were
assumed to be constant, and thermal effects of phase transitions were ignored.
Transmission Spectroscopy
Optical transmission spectroscopy was conducted on the as deposited and annealed PLiD samples.
A 1 mm aperture was for all measurements, and photon energies from 1.5 eV to 3 eV are included.
Electron Energy Loss Spectroscopy
A Nion aberration-corrected high energy resolution monochromated EELS-STEM (HERMES)
operated at an accelerating voltage of 60 kV was used to obtain the spectra and spectrum images.
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The convergence and collection semiangles used for the spectrum acquisition were 30 and 15
mrad, respectively. The energy resolution (full width at half-maximum of the zero-loss peak) was
approximately 20 meV. The EEL spectra presented in were normalized to the zero-loss peak.
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CHAPTER IV
ELECTRIC AND MAGNETIC FIELD COUPLING IN PLASMONIC META-ATOMS
VISUALIZED VIA STIMULATED ELECTRON GAIN SPECTROSCOPY
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Introduction
The quest for high frequency magnetic materials has led to miniaturization of plasmonic metaatom architectures. While standard split ring resonator (SRR) geometries are useful meta-atoms
for extension to infrared frequencies95,170, lithographic constraints make optical frequencies
challenging171–173. Thus, coupled ring-like arrangements of nanospheres174–176, nanodisks177,178 and
nanorods179–181, referred to as oligomers, have made it possible to extend magnetic modes to higher
frequencies. Oligomers with n number of nanoparticles or nanorods hybridize into various
localized surface plasmon resonance (LSPR) modes, where the number of modes increases with
n. The configuration with all individual longitudinal dipoles orientated head to tail is the lowest
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energy mode and the resultant circulating current induced by the hybridized dipoles creates a
magnetic field normal to the closed loop. At higher energies, the individual dipoles arrange into
different configurations, including those with a net electric dipole. The energy splitting between
these modes is dependent on the individual mer length, spacing and n100.
Several groups have studied the optical and magnetic resonances of nanoparticle ring structures
[see176 for review]. Alu et al182 showed theoretically that rings of silver nanoparticles exhibit
negative permeability and permittivity at optical frequencies where n, nanoparticle size and
spacing, as well as the surrounding medium index of refraction all affect the resonance frequency.
Experimentally, gold nanoshell particles were self-assembled and the electric and magnetic dipole
of an n=3 nanoparticle cluster was revealed with p-polarization and s-polarization scattering
measurements, respectively183. An atomic force microscope manipulation method was also used
to direct the assembly of an n=4 ring of gold nanoparticles, and oblique angle scattering
measurements with mixed s- and p-polarization induced both an electric and magnetic dipole184.
Furthermore, slight geometric asymmetries were shown to enhance the magnetic dipole and lead
to a Fano dip in the scattering spectra. More recently, Moritz and Simovsky185 showed that
nanoparticle “dimers” that effectively prolate the sphere geometry enhanced the negative
permittivity and permeability of n=4 oligomers. Finally, the electric and magnetic dipoles of
equilateral trimers of gold nanords were also studied, and s-polarized excitation clearly revealed
both the electric and magnetic modes180. Again, slight geometric asymmetries in the structures
enhances the magnetic dipole and can induce a Fano interference between the bright electric mode
and the dark magnetic mode.
Electron energy loss spectroscopy (EELS) is a powerful tool as a high-resolution near-field probe,
and has been used extensively to investigate various plasmonic phenomena [see186 and187 for recent
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reviews]. The EELS spectrum image of the hybridized in phase (bonding) and out of phase
(antibonding) modes have different signatures, so the combined spectrum and spectrum imaging
can be used to unequivocally distinguish these modes. Specifically, the bonding vertices are more
localized to the rod ends, whereas the antibonding modes exhibit a bright gap. Relevant to
nanomagenetic plasmonic meta-atoms, von Cube et al. have studied individual95,188 and
coupled96,189 split ring resonators. They realized infrared (1.25 eV) electric/magnetic dipole mode
in gold SRRs with edge lengths down to 120 nm. The dispersion of gold surface plasmons and
nanoscale synthesis limitations make it challenging to extend gold SRRS to optical frequencies.
EELS of silver nanorod equilateral triangles were recently studied and the electric and magnetic
dipole modes were determined to hybridize with ~0.25 eV splitting179.
To extend the capability of EELS, we have recently integrated an optical delivery system to a
scanning transmission electron microscope equipped with a monochromated electron source and
EELS detector. The laser delivery system is capable of photothermally heating the sample for in
situ and so-called rapid ex situ imaging121, and also photo-exciting the sample to allow for
photoinduced near-field imaging/spectroscopy of materials in a conventional microscope. For
instance, we have demonstrated continuous wave (cw) stimulated EEL (sEEL) and stimulated EE
gain (sEEG) signatures in silver nanostructures190, and have characterized the longitudinal m=1,2,3
LSPR modes of gold nanorods7 as well as coupled dimers8. While ultrafast time-resolved photo
induced near-field electron microscopy has been developed191–194 and has elucidated interesting
plasmonic195,196 and biological processes197, the cw excitation of materials in a conventional
microscope is useful for revealing many excited state phenomena. In traditional EELS, all
excitations of plasmonic modes are excited via spontaneous near field interactions with the
electron beam. Each individual event results in a loss of energy from the electron, and thus the
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characteristic peaks occur on the loss side of the zero loss peak. With simultaneous
photoexcitation, plasmonic modes can be driven via photoexcitation, and thus incident electrons
can either gain or lose energy during near field interactions. This leads to both a stimulated electron
energy gain (sEEG) and stimulated electron energy loss (sEEL) peak at the energy of the optical
source.
Here we use sEEGS and to map the near field of the in-phase magnetic dipole mode and the outof-phase electric dipole mode of a simple plasmonic trimer structure. The lowest energy mode
consists of the three longitudinal dipoles arranged in a head-to-tail configuration, leading to a
circulating current Figure 55b. In the remainder of the text, we will refer to this lowest energy
mode as the magnetic mode due to the induced magnetic field Figure 55c. In the coupled trimer
the other observable mode, which will be termed as the electric mode, is composed of two rods
coupling out-of-phase at a vertex, and the remaining rod exhibiting weak coupling Figure 55c. To
directly image the electric and magnetic modes of the trimer meta-atom, we vary the rod length to
tune the magnetic and electric modes to the laser energy (1.58 eV). The trimer structure designed
to align the magnetic mode with the laser energy will be referred to as the magnetic structure,
while trimer tuned to the electric mode, will be referred to as the electric structure. Thus, for the
first time, we have imaged the near-field of a photoinduced magnetic and electric dipole in a
plasmonic meta-atom using sEEG.
Results
Figure 55a schematically illustrates our experimental setup for sEEGS. Note that the electron
beam (dotted line in Figure 55a) and laser are fixed at a 90° angle relative to one another, so the
sample must be tilted to focus both beams to the same field of view. Figure 55f and i show two
extreme tilt angles (θ) to demonstrate the influence of tilt angle on coupling between the trimers
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Figure 55: Schematic of the sEEGS experimental setup (a). (b-e) Simulations demonstrating the electric
(b and d) and magnetic (c and e) corresponding to the magnetic (b and c) and electric (d and e) trimer
modes. Theta indicates the sample tilt from normal to the electron beam (shown as dotted line, f-k) show
the influence of sample tilt on the optical coupling of the electric (g and j) and magnetic (h and k) modes.
Red arrows are used to show the electric field for the electric mode, while blue is used for the magnetic
component to the magnetic structure. Dotted arrows indicate the projection of the electric and magnetic
components onto the plane that it is operative.
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and the laser. With this experimental setup, θ is typically constrained to a range of about ~20°-35°
due to interference from the silicon membrane frame at large angles and difficulty aligning the
laser at lower angles. Figure 55h and j illustrate that coupling between the electric mode and the
laser are maximized (the magnitude of the projected component, illustrated as a red dotted line)
when θ increases. For the magnetic mode (h and k), its magnetic dipole is oriented normal to the
structure, and because of that, increasing the tilt angle reduces the coupling strength of the
magnetic component of the optical field (shown by the dotted blue line). Thus, by modifying the
tilt angle the relative coupling strength of each mode should move in opposite directions.
Prior to performing excited state spectroscopy on the trimers, a separate instrument was used to
obtain higher resolution (18 meV FWHM) EELS data on a sample trimer structure. Figure 56
demonstrates the hybridization of the three rods into two distinct modes through point spectra (a)
and spectrum images (b-e). As illustrated by the high angle annular dark field (HAADF) inset, the
point spectra were taken at two positions, in between the two rods at the vertex (gap), and at the
end of one of the rods (tip). At the tip position, both the magnetic (1.58 eV) and the electric (1.85
eV) modes are excited; conversely, in the gap the magnetic mode is greatly reduced. The spectrum
images of the full structures (b and c), as well as the magnified top vertex (d and e) clearly reinforce
the observations from the point spectra. Whereas the electric mode has a high intensity at the gap,
the magnetic mode has a defining nodal line in the gap center where excitation is zero as a single
electron cannot simultaneously excite out-of-phase dipoles in the two adjacent rods.
Trimers with rod lengths of ~175 nm were synthesized to efficiently tune the electric dipole mode
to our 1.58 eV laser. Figure 57a shows a bright field TEM image of the selected electric structure.
The associated EELS spectrum images without laser irradiance at the magnetic mode (1.35 eV)
and electric mode (1.62 eV) are included in Figure 57b and c, respectively. Figure 57d and e are
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Figure 56: a) high resolution point spectra at an edge and gap location. b-c) spectrum images of the
whole trimer with the magnetic mode at 1.58 eV (b) and electric mode at 1.85 (c). d-e) spectrum images
of the top vertex showing the magnetic and electric modes at energies of 1.58 and 1.85 eV, respectively.
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higher resolution images of the top vertex at the same two energies; the selected area relative to
the complete structure is illustrated in Figure 57a. The overall trends observed in Figure 56, namely
the variation in the signatures between the two modes, are consistent with what is observed in
Figure 57a-e. The primary deviation being greater asymmetry in the magnetic mode of the trimer
characterized in Figure 57. Here, the left rod in the top vertex (seen in both b and d) has a greater
intensity in the magnetic mode than the remainder of the structure. Conversely, the excitation of
the electric mode appears to be slightly higher near the right rod, though this result is subtle.
In the sEEGS experimental setup, the top vertex is the farthest point from the laser, which typically
leads to maximized sEEGS signal. For this reason, higher resolution sEEGS experiments were
measured at the top vertex of the trimers. Specifically, spectrum images of the vertex (Figure 57f
and g), and point spectra at a gap and tip aloof position (Figure 57h and i) were collected at tilt
angles of 20° and 32° with a laser irradiance of 1.3E5 W/cm2. Spectrum images filtered at -1.58
eV with the structure tilted at 20o (Figure 57f) and 32o (Figure 57g) demonstrate the tilt sensitivity
of sEEGS. At 20o the intensity from the sEEG peak is low and not discernible above the noise
level, and thus no clear behavior can be surmised. When the sample tilt is increased to 32 o, the
electric field component of the optical field increases, and the sEEGS signature increases. Peak
intensities are observed near the rod tips, with a maximum near the right rod which is consistent
with the elevated EELS intensity at the same rod tip without laser irradiance (Figure 57e). Figure
3 h and i show EELS spectra taken at zero tilt (no laser), as well as at 20o and 32o tilt with the laser
on. An aloof position in the gap is shown in Figure 57h, while an aloof position at the rod tip is
shown in Figure 57i. The sEEG (dotted), magnetic (short dash), and electric (long dash) peak
positions are indicated. The increased collection time associated with point spectra compared to
spectrum images results in a peak at -1.58 eV for both tilt conditions and both aloof positions,
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Figure 57: a) TEM bright field image of a trimer that hybridizes with the electric dipole resonant near the
laser energy. The measured rod lengths are ~175 nm. b-c) spectrum images of the magnetic (1.33 eV) and
electric (1.64) dipole modes. d-e) high resolution spectrum image of the top vertex from b and c. f-g)
sEEGs spectrum images of the vertex in d and e at -1.58 eV with laser on at 20 and 32° tilt. h-i) point
spectra of the trimer at no tilt with no laser irradiance, and laser on with 20° tilt and 32° tilt taken at the
rod tip (h) and the gap (i).
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indicating coupling to the laser. The gain behavior is strikingly similar in the two aloof positions:
there is a clear increase, of similar magnitude in sEEG intensity with increasing the tilt angle. The
loss behavior, however, is quite different, and consistent with what is observed in Figure 56a: the
ratio of the electric mode to magnetic mode is much greater in the gap than at the tip. The lack of
sensitivity in the sEEGS peak to the magnetic mode suggests that there is minimal contribution
from the detuned magnetic mode ( E = 0.23 eV from laser energy) in the electric structure.
The magnetic mode was tuned to the laser energy via patterning trimers with slightly reduced rod
lengths of ~140 nm. Similar to Figure 57, Figure 58 shows a bright field TEM image (a) and
associated spectrum images of the complete trimer (b and c) and the top vertex (d and e) at the
magnetic mode (1.64 eV) and electric mode (1.89 eV) energy with no laser irradiance. The
behavior of this trimer is very similar to that of the electric structure; however, the energy splitting
between the two modes is reduced (0.2 eV compared to 0.27 eV), and the magnetic structure
exhibits a more symmetric spectrum image at the top vertex, where the two modes are nearly
identical at the left and right rods.
Similar sEEGS measurements as taken for the electric structure from Figure 57f-j are presented in
Figure 58 for the magnetic structure: the sample was tilted to 20o and 32o with a laser irradiance
of 1.3E5 W/cm2. Optical field interactions in the magnetic structure are decidedly different from
the electric structure. At both tilt conditions, the sEEGS spectrum images, Figure 58f and g, show
obvious indications of coupling. The signature is more localized to the left rod, though the peak is
elevated at the right rod as well. At 20o the intensity is more localized to the left rod than at 32o,
where the gap and surrounding area exhibit an increase in intensity. Contrary to what was observed
in the electric structure, the two spectra from the aloof positions are different; namely the magnetic
mode does not exhibit a significant tilt dependence. Further, there is a significant difference in
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Figure 58: a) TEM bright field image of a trimer that hybridizes with the magnetic dipole resonant near
the laser energy. The measured rod lengths are ~140 nm. b-c) spectrum images of the magnetic (1.66 eV)
and electric (1.86) dipole modes. d-e) high resolution spectrum image of the top vertex from b and c. f-g)
sEEGs spectrum images of the vertex in d and e at -1.58 eV with laser on at 20 and 32° tilt. h-i) point
spectra of the trimer at no tilt with no laser irradiance, and laser on with 20° tilt and 32° tilt taken at the
rod tip (h) and the gap (i).
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magnitude of the sEEGS peak at the tip compared to the gap. As expected from the in-phase
coupling of the magnetic mode, the sEEG intensity at the tip is much greater than that of the gap
position. Similarly, when comparing the loss behavior, the magnetic mode is much stronger
compared to the electric mode at the tip, thus in this structure, where the laser tuned to the magnetic
mode, the sEEGS intensity scales with the magnetic mode spontaneous EELS intensity.
To improve interpretation of the results from the point spectra exhibited in Figure 57h-f and Figure
58h-f, the raw data were fit to deconvolve the spectra and better elucidate isolated peaks. It should
be noted that the sEELS peak was subtracted from the data prior to fitting the spontaneous
magnetic and electric loss peaks. Further information on the data fitting can be found in SI.
Additionally, complimentary data from intermediate tilt angles (25° and 30°) are included. Figure
59a-d show the fitted Lorentzian functions associated with the magnetic and electric mode as well
as sEEGS peaks for the tip and gap position for both the magnetic (Figure 59a-b) and electric
(Figure 59c-d) trimer structures. Bright field TEM images with the aloof positions from Figure 57
and Figure 58 are included as insets to indicate the structure and probe positions. Though there is
some variation, the magnetic and electric peak intensities remain relatively consistent regardless
of tilt for each individual structure, with the 30° tilt measurement on the electric structure at the
tip position being the most significant outlier (electric peak is larger than at other tilts). Focusing
on the sEEGS peak, in the electric structure (c and d) there is a clear trend of increasing sEEGS
intensity with increasing tilt angle for both aloof positions. This is consistent with what was
observed in Figure 57 and agrees with enhanced coupling of the electric field component of the
optical field to the electric trimer structure. In the magnetic structure, and consistent with the inphase mode, the sEEGS intensity is much stronger at the tip compared to the gap, and neither mode
demonstrates the same degree of tilt dependance (consistent with Figure 58). The tip position
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Figure 59: a-d) fitted magnetic and electric loss peaks as well as sEEGS peak for the magnetic structure
at the tip (a), magnetic structure in the gap (b), electric structure at the tip (c), and electric structure in
the gap (d). e) plot of percentage increase in sEEGS intensity as a function of tilt angle (normalized to the
lowest tilt measurement), f) sEEGS peak normalized to the value of the electric peak at the laser energy
(1.58eV) as a function of tilt, and g) percentage increase in sEEGS normalized the electric peak as was
done in (f).
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specifically fluctuates only modestly up and down with tilt. It should be noted that the gap position
for the 20° magnetic structure did not produce a sEEGS peak sufficient for data fitting, so it is
omitted.
The percentage increase in the sEEGS peak intensity (normalized to the lowest tilt measured) as a
function of tilt is included in Figure 59e. Both probe positions for the electric structure show very
strong tilt dependence, with the gap position possessing a slightly larger rate of change. The tilt
dependence is much weaker in the magnetic structure. To compare the relationship between the
sEEGS peak and the electric mode, Figure 59f exhibits the tilt dependence of the sEEGS peak
normalized to the intensity of the fitted electric mode at 1.58 eV. The coupling efficiency
(magnitude of y axis) of the two probe positions in the electric structure is similar and both increase
with increasing tilt. The gap position of the magnetic mode also increases with tilt, and is slightly
higher on the plot, indicating that when simply considering coupling to the tail of the electric mode,
the coupling efficiency must be slightly greater than in the electric structure to account for the
sEEGS intensity. Finally, the tip position again does not possess the same clear tilt behavior.
Further, the necessary coupling efficiency to the electric mode is roughly an order of magnitude
greater than what is observed in the electric structures. Figure 59g is very similar to Figure 59f;
however, the y axis now shows the percentage increase in sEEGS, normalized to the electric mode
peak, as a function of tilt. This allows for a closer examination of the behaviors in the electric
structure and the gap of the magnetic mode. Interestingly a linear fit (included in the figure) fits
very well with both aloof positions on the electric structure and the gap position of the magnetic
structure.
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Discussion
Due to the full head-to-tail dipole configuration in the magnetic mode, there is no net electric
dipole, thus negligible coupling to the electric component of the optical field is expected. However,
Figure 58f-h and Figure 59a-b clearly show a sEEG peak at the laser energy in the magnetic
structure. There are three likely explanations for the presence of this peak: 1) the sEEG peak is
coupling to the tail of the higher energy electric mode, 2) the magnetic component of the optical
field is driving the magnetic plasmon mode, and 3) phase retardation effects due to the sample tilt
allow for coupling between the optical electric field and the magnetic mode.
From the magnetic structure sEEGS results, it can be concluded that the tail of the electric mode
is coupling to the laser, though its contributions appear to be minor. This is most clear by the
behavior of the sEEGS peak at the gap, where the magnetic mode spontaneous EELS intensity is
significantly reduced, compared to the tip. Unlike the tip position, the gap of the magnetic structure
behaves similarly to the electric structure: the sEEGS peak increases linearly with increasing tilt.
Because the incident light is unpolarized with the wave vector directed at the sample, the electric
field component of the incoming photons can be oriented parallel to the tilt axis (horizontal),
perpendicular to it (vertical), or a combination of the two. The magnitude of the electric field scales
by sin2( ) for photons that are polarized perpendicular to the tilt axis (i.e. a maximum when the
substrate is perpendicular to the photon beam and parallel to the electron beam). This is
schematically illustrated in Figure 1, where the vector of the net electric dipole projected onto the
substrate (dashed red line) is larger at larger tilt. Thus, the observed increase in the sEEGS peak
with tilt, suggests coupling from the electric component of the optical field to the electric dipole
mode. With that, it is evident that the sEEGS peak in the gap of the magnetic structure can, at least
in part, be attributed to coupling from the electric tail of electric mode.
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The tip position of the magnetic structure, on the other hand, does not have the same tilt behavior.
The sEEGS intensity at the tip possesses no clear trend with tilt, but rather is just has small
deviations from the average value. Not only does the tilt behavior deviate from the behavior
expected with purely electric excitation, the magnitude of the sEEGS peak at the tip is similar to
that observed in the electric structure, despite being detuned from the electric mode. As seen in
Figure 59f and g, attributing the magnetic structure sEEGs to coupling to the tail of the electric
mode results in a coupling efficiency that is an order of magnitude larger than what is observed in
the electric structure. Further, the gap position in the magnetic mode, and the tip position of the
electric structure, require more efficient coupling to the electric mode compared to the gap position
of the electric mode to account for sEEGS intensity. The magnetic mode intensity at the tip position
is much higher at 1.58 eV in these two structures compared to the gap position of the electric mode.
Thus, while there is at least some coupling to the electric mode in both structures, there remain
obvious discrepancies in the behavior of the two structures and two aloof positions that strongly
suggest additional mechanism(s) are involved in the sEEG excitation. As described above, two
other coupling mechanisms are possible: namely, exciting the magnetic mode with the magnetic
component of the optical field and exciting the magnetic mode via phase retardation effects. Both
explanations suggest that the optically dark magnetic mode is being photoexcited and viewed in
the near field with sEEGS.
Due to the geometry of our system, a component of the magnetic field of the incident light can be
oriented such that it is perpendicular to the plane of the trimer, and consequently can excite the
magnetic mode. Figure 55f-k) illustrates that the magnetic field coupling has the opposite tiltdependence relative to the electric field; namely, decreasing the tilt angle increases the projection
of the perpendicular magnetic field, and thus the intensity in the optically driven near field. This
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same geometry also creates phase retardation effects. In order to separate the two effects, optical
excitation simulations were conducted for two different configurations between the trimer
structure and the optical field. The results of these simulations are included in Figure 60, where a)
demonstrates a condition in which the magnetic mode can be excited through the threading of
magnetic component of the optical field. The spectra all demonstrate a clear peak at 1.85 eV
corresponding the electric mode due to the electric field of the laser being oriented along the plane
of the trimer for all conditions. The 90° configuration corresponds to an orientation where the
magnetic component of the optical field is parallel to the trimer. Here there is no excitation of the
magnetic mode, and one single peak is observed. Decreasing the angle corresponds to improved
coordination between the magnetic field associated with the magnetic mode of the trimer and the
magnetic field of the optical source. The result is the excitation of the magnetic mode which can
be seen by the peak at 1.58 eV, this peak increases in intensity with decreasing angle. Thus, the
simulations in Figure 60a clearly demonstrate the ability to optically excite the magnetic mode by
varying the angle of the optical magnetic field with respect to the trimer.
The second set of simulations (Figure 60b) maintains a parallel orientation between the optical
magnetic field and the trimer structure, thus any observable intensity at 1.58 eV would indicate
excitation of the magnetic mode through the electric field of the optical source via retardation
effects. Regardless of the angle, there is no excitation of the magnetic mode in this configuration.
This result indicates that phase retardation effects are not contributing the excitation of the
magnetic mode, and thus that the sEEGS signal can be attributed entirely to two contributions:
direct excitation of the magnetic mode (as shown in Figure 60a) and minor coupling to the tail of
the electric mode.
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Figure 60: Optical simulations indicating two different tilt axes, a) shows the increase in coupling to the
magnetic mode as magnetic field of the optical excitation goes from parallel to the plane of the structure
(90°) towards perpendicular with decreasing angle, and b) to observe any potential retardation coupling
to the magnetic mode, where the magnetic field remain parallel to the structure for all angles, but the
electric field moves towards out of phase.
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Conclusions
Au nanorods were patterned in a trimer configuration with sufficiently small gaps to induce the
hybridization of the individual rods into a collective lower energy in phase magnetic dipole mode,
and an out of phase electric dipole mode. Two trimer structures, termed the magnetic structure and
electric structure, were synthesized with different rod lengths to tune one with the magnetic mode
energy (1.66 eV vs. 1.58 eV) near our laser and the other with the electric mode near our laser
(1.62 eV vs. 1.58 eV). By tilting the trimers (the laser is fixed at 90° relative to the electron beam),
optical excitation in the form of a sEEGS peak was observed in both the magnetic structure and
the electric structure. A strong positive linear relationship between the sEEGS peak and tilt was
observed in the electric structure, whereas the sEEGS intensity in the magnetic structure is
relatively constant. By probing the two structures at a gap and tip position, the relative sEEG
intensities of the electric and magnetic mode can be modulated due to the position sensitivity of
the spontaneous EELS for the in-phase and out-of-phase modes. It was determined that sEEGS
intensity increases with increasing tilt angle when the laser energy overlaps strongly with the
electric mode. This result is consistent with an increase in the electric field component of the
optical field with increasing tilt. Deviations from a simple increase in sEEGS with increasing tilt
are consistent with contributions from the magnetic mode. Optical simulations demonstrated
excitation of the magnetic mode via the magnetic component of the optical field in a tilted
condition, while also demonstrating that retardation effects associated with the electric component
of the optical field cannot excite the magnetic mode. Thus, we show that sEEGS is capable of
probing the near field of electrically and magnetically driven plasmonic meta-atoms.
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Methods

Fabrication
The Au trimer structures were fabricated through a multistep lithography process. Using electron
beam lithography, arrays of trimers with different rod lengths and gap sizes were patterned on a
300 µm Si wafer with 30 nm low stress SiNx coating both sides. Metal deposition of the
approximately 40 nm thick Au was done via direct current sputtering; lift off was completed
through sonicated baths of alternating acetone and microdeposit remover 1165. In order to obtain
electron transparent membranes beneath these metalized areas, the Si was removed with etching
in a KOH bath. S1818 photoresist was used to create a mask in which the desired areas for the
membranes could be etched using a SiNx dry etch process. The wafer was then placed in a fixture
that protects the metalized side via an air cavity, while the back side with the areas of exposed Si
was left open to the environment. This fixture was submerged in a KOH bath at 85°C until the Si
was completely removed from the desired areas. Finally, individual TEM samples each with four
~100 x 100 µm 30 nm SiNx membranes supporting the Au trimer structures were cleaved.
High Resolution EELS
A Nion aberration-corrected high energy resolution monochromated EELS-STEM (HERMES)
operated at an accelerating voltage of 60 kV was used to obtain individual point spectra and
spectrum images. The convergence and collection semiangles used for the spectrum acquisition
were 30 and 15 mrad, respectively. The energy resolution (full width at half-maximum of the zeroloss peak) was approximately 20 meV. A zero-loss peak normalization was used on the EEL
spectra included in Figure 56.
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Stimulated Electron Energy Loss and Gain Spectroscopy
A Zeiss Libra outfitted with a 785 nm solid state laser oriented normal to the electron beam was
used for EELS and sEELS/sEEGS measurements. An acceleration voltage of 200 kV, collection
semiangle of 100 mrad and convergence semiangle of 0 mrad were used. A dispersion of 30 meV
per channel was obtained via a 0.5 μm monochromator slit is used for spectrum acquisition.
Excitated state imaging was conducted with an irradiance of 1.3E5 W/cm2 in the 5 µm Gassian
laser spot.
Peak Fitting
Fitting of the EELS and sEELS/sEEGS data was completed in a method similar to prvious sEEGS
experiments7,8. First, a Gaussian was fit to the zero-loss peak. This peak was then subtracted from
the data. Next, the SiNx background was removed by a combination of four Lorentzian peaks. The
sEEGS peak was then fit by first removing the tail left by the zero-loss peak, and then via a single
Lorentzian while inputting a position of -1.58 eV (the laser energy) and the previously determined
full width half max from the zero-loss peak. For the loss peaks, the tail from the zero-loss was
removed. The peak positions for the electric and magnetic modes were then determined by fitting
the flat no laser EELS spectra. For excited state spectra, after removing the zero-loss peak tail, the
sEELS peak was removed by subtracting the sEEGS peak mirrored to the 1.58 eV. Finally, using
the peak positions obtained from the flat, no laser irradiance spectra, the two modes were fit to two
Lorentzian, with an additional Lorentzian fitting the Au peak at ~2.4 eV.
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